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To those lost to cancer

“Nothing in life is to be feared, it is only to be understood. Now is the time to

understand more, so that we may fear less”

— Marie Curie
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Abstract

Abstract

While diets rich in cruciferous vegetables such as broccoli have been shown to
reduce prostate cancer risk and progression potentially due to the presence of
sulfur-containing compounds, the role of the sulfur-containing compound S-methyl-
L-cysteine sulfoxide (SMCSO) in cancer metabolism is relatively unexplored. A
recent human study observed consumption of broccoli soups reduced fasting
plasma glucose in men on active surveillance, however this was independent of
the glucosinolate content. Since others have shown that SMCSO beneficially
affects glucose metabolism in rodent models, it seems it is likely that SMCSO in
the broccoli soups caused the observed reduction in fasting plasma glucose in the

human study.

The overall aim of the research presented in this thesis was to investigate the
effects of SMCSO and its metabolite S-methyl methanethiosulfonate (MMTSO) on
prostate cancer energy metabolism, using cultured DU145 prostate cancer cells.
This was explored through the use of the Seahorse Bioanalyser, RNA-sequencing
and untargeted/targeted metabolomic analyses that observed changes in real-time
mitochondrial energetics, gene expression, and global metabolomic profile

respectively.

MMTSO and to a lesser extent SMCSO reduced mitochondrial metabolism,
increased fatty acid dependency, upregulated gene expression of pathways
associated with immune function and apoptosis including interleukin-2 signal
transducer and activator of transcription-5 (IL2-STAT5), increased metabolite
changes relating to the tricarboxylic acid (TCA) cycle, and decreased concentration
of key non-essential amino acids. In addition, since there have been no
randomised controlled trials that have investigated the potential effects of SMCSO
on prostate cancer progression, products that could be suitable for future cancer

human trials were assessed and characterised.

Overall, the evidence presented in this thesis demonstrated SMCSO and MMTSO
are capable of modulating mitochondrial, transcriptomic and metabolomic profiles
of DU145 prostate cancer cells, and may contribute to the reduction observed in

prostate cancer progression following consumption of a broccoli-rich diet.
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Chapter One: General Introduction
1.1 The Prostate

The prostate is a walnut sized exocrine gland found in men that surrounds the
urethra and is located at the base of the bladder. The prostate is divided into three
zones: transitional (5-10 % normal prostate volume), central (25 % normal prostate
volume), and peripheral (over 70 % normal prostate volume) (1). The transitional
zone surrounds the urethra, the central zone surrounds the ejaculatory ducts, and
the peripheral zone surrounds both the central and transitional zones. The
transitional zone is the most common site for benign prostatic hyperplasia; while
peripheral zone is the most common zone for prostate cancer and accounts for 70-
80 % of all prostate cancers (2). The primary function of the prostate is to secrete
an alkaline fluid, semen, that contains proteolytic enzymes that protect and nourish
sperm (3). The alkaline nature of the prostatic fluid aids the neutralisation of the
acidic environment of the vaginal tract which helps prolong the lifespan of the
sperm (4). The prostate produces a protease called prostate-specific antigen
(PSA) which makes the secreted fluid more liquefied by catalysing the hydrolysis
of larger peptides found in the semen (5). The level of PSA in the blood serum is
used as a marker to help prostate cancer diagnosis, however there are limited
markers that can distinguish between the severity and grade of cancer (6).

1.2 Prostate Cancer: Incidence and Diaghosis

Prostate cancer has become the most common form of cancer in men, and the fifth
leading cause of cancer-related death worldwide especially in elderly men > 65
years of age (7, 8). In the United Kingdom, prostate cancer accounts for 27 % of
all new cancer cases with over 50,000 new cases every year (9). The highest rates
of prostate cancer are seen across Western countries including Europe, America
and New Zealand, with the lowest rates seen in South Central Asia (10). While
there is variation in incidence geographically, this cannot be justified alone by the
known risk factors of ethnicity, age and family history (7, 11), and could point to
increased capacity for diagnosis as well as environmental factors such as exercise
and dietary patterns (12-14). A few studies have reported an increased risk for
prostate cancer with western dietary pattern of higher intake of red and processed
meats, and high-fat foods compared to those on a diet with a higher intake of
vegetables (15, 16). More recently, dietary patterns were evaluated on prostate

cancer in the CAPLIFE study; they reported an unhealthy diet was associated with
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higher chances of prostate cancer particularly for cases graded 1 or 2 and localised
to the prostate (17). Thus, whilst there is currently limited evidence on how to
prevent prostate cancer, dietary and lifestyle modifications could lead to reduced

risk and development of prostate cancer.

Men aged between 45 and 75 and over are highly recommended for screening for
prostate cancer through PSA measurement (18, 19). However, PSA levels can be
raised for several reasons including presence of urinary tract infection or benign
tissues, and ejaculation (20), leading to further unnecessary invasive procedures
including magnetic resonance imaging (MRI). Whilst MRI scanning is worthwhile
in identifying questionable nodules within the prostate, it misses 1 in 4 of clinically
significant malignancies (21). After at least two elevated PSA values and MRI
testing, a prostate tissue biopsy would give the prostate cancer diagnosis.
Previously, biopsies were taken through transrectal ultrasound (TRUS) guided
approach, although due to failure to biopsy all prostate zones, the transperineal
prostate biopsy (TPB) is now used. A TPB is performed through insertion of sterile
ultrasound probe into the rectum for needle guidance and visualisation of the
prostate, alongside a template to aid placement of biopsy needle and sample all
prostate zones with, depending on prostate size, approximately 25 samples taken
for analysis (22). If prostate cancer is diagnosed, depending on the grade and
stage of the cancer, the most appropriate treatment or management will be
selected. For example, if a low-grade, low-stage localised prostate cancer is
diagnosed, patients may be recommended active surveillance. Active surveillance
monitors prostate cancer closely through repeat biopsies and PSA testing (23).
Dietary interventions with individuals on active surveillance are becoming
increasingly more attractive as a potential mechanism for reducing prostate cancer

development and progression (24-26).

1.3 Metabolic Profiles and Tricarboxylic Acid (TCA) Metabolism Unique to
Prostate Cancer

The prostate has a unique metabolic profile compared to other organs (27, 28),
summarised in Table 1.1. It accumulates and secretes large concentrations of
citrate through the truncated tricarboxylic (TCA) cycle to either be used in seminal
fluid production and maintain male fertility (29) or for lipid synthesis through
conversion back to acetyl-CoA (30). Prostate cells accumulate high levels of zinc
that inhibits mitochondrial aconitase enzyme reducing citrate oxidation in the TCA

cycle and facilitating citrate accumulation and secretion (31), summarised in Figure
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1.1A. The citrate accumulation is very energy inefficient, consequently prostate
cells implement other metabolic pathways to survive and pursue function including
utilising fatty acids via beta oxidation, incorporating aspartate and glutamine in the

TCA cycle, and they are highly glycolytic (32).

Table 1.1. Unique Metabolic Profile of Normal Prostate Cells and Prostate Cancer Cells

Pathway/Molecule Normacmlelirsostate Prostz?:t:”(;ancer
Phocs));;ir\doit;\ll:tion Inactive Active
The TCA Cycle Inactive Active
Glycolysis Highly Active Reduced
Glucose Used Used
Citrate Secreted Used

In the malignant transformation to prostate cancer, the cells alter their central
metabolism in order to meet the high energy demands of cancer proliferation,
migration and invasion (33-35). During the transformation, there is reprogramming
of citrate metabolism where concentrations of zinc decrease leading to activation
of mitochondrial aconitase enzyme and flux through the TCA cycle to produce the
ATP required for proliferation (36), summarised in Figure 1.1B. This leads to
decreased zinc and citrate levels in cancer tissue compared to normal tissue (37),
and increased aerobic glycolysis, glutaminolysis and oxidative phosphorylation
(32). Prostate cancers also exhibit increased fatty acid oxidation and lipogenesis
that alter central carbon metabolism to maintain the heightened energetic demands
of the rapid tumour growth (38). Studies have reported that prostate cancer cells
display a raised uptake of fatty acids (39) with prostate tumours having higher
levels of TCA intermediates including malate, fumarate and succinate, compared

to normal tissues (40).
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(A) Normal Prostate Cells
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Figure 1.1. Snapshot of the metabolism transformation of normal prostate to prostate cancer.
(A) Normal prostate cells demonstrate a truncated tricarboxylic acid (TCA) cycle that results in
increased citrate that is excreted (highlighted by red text). (B) During transformation to prostate
cancer, the intracellular concentrations of zinc decrease leading to inhibition of aconitase enzyme
and increased flux through TCA cycle (highlighted by red text).
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1.4 Immune Regulation and Prostate Cancer

Immune regulation is key for effective immune responses and removal of
pathogens to protect the body from infections (41). The immune system plays a
key role in cancers including prostate cancer, through multiple immune evasion
mechanisms, and are able to actively suppress and evade antitumour immune
responses (42). These include decreased inflammatory immune cell interaction,
inhibition of antigen presentation, defective T cell responses and an enhanced
immunosuppressive tumour microenvironment (43-45). Numerous cancers
including prostate are capable of epithelial immune cell-like transition through
expressing a range of cytokines, immune transcription factors, and immune
checkpoint molecules that suppress anti-cancer immune activity (46, 47). The
prostate tumour microenvironment contains several immune cells including
tumour-associated macrophages, tumour-associated neutrophils, T regulatory
cells and myeloid-derived suppressor cells. These cells, through direct interaction
or indirect interaction through cytokine secretion (48, 49), have been reported to
play a key role in the progression and development of the prostate cancer, although
the mechanisms by which these cells modulate and promote tumorigenesis remain
unclear. It is key to explore the immune regulation of prostate cancer as this could
identify potential key genes, metabolites, and signalling pathways facilitating
prostate cancer progression that could be targeted through therapeutic
development (50, 51).

Tumour-associated macrophages and neutrophils have been reported to promote
prostate tumourgenesis and modulate the tumour microenvironment (52). Tumour-
associated macrophages can be divided into classical activation (M1 type)
macrophages and alternative activation (M2 type) macrophages (53). In the tumour
microenvironment, there is a higher abundance of M2 type macrophages than M1
type macrophages; M1 type macrophages stimulate inflammation whilst M2 type
macrophages exert immune suppression and promote tumorigenesis (53, 54). One
study reported that prostate cancer patients with a higher abundance of tumour-
associated macrophages were correlated with poor prognosis with M2 type
macrophages significantly linked with the progression and invasion of the cancer
(55). An additional study reported CCN3, a key cytokine in regulating cell signalling
from the extracellular matrix and linked with tumour-associated macrophages, is
overexpressed in prostate cancer cell lines (56). A further study reported the

upregulation of CCN3 induced VEGF production and regulated angiogenesis in
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prostate cancer microenvironment (57). Tumour-associated neutrophils are
immune cells with a controversial role in tumour progression. One study reported
tumour-associated neutrophils had both tumour-promoting and anti-tumour effects
through transforming growth factor-beta (TGF-B) where a tumour-promoting
phenotype was associated with TGF-B induction and anti-tumour effects were
caused by blockage of TGF- (58). Tumour associated neutrophils have been
reported to activate angiogenesis through inducing MMP-9 in aggressive prostate
cancer (59). More recently, a study reported that neutrophils infiltrated prostate
tumour in bone of metastatic prostate cancer patients and induced apoptosis of
prostate cancer cells facilitated through inhibition of the signal transducer and
activator of transcription 5 (STAT5), known to support prostate cancer progression
(60).

There have been multiple studies highlighting the capacity of T regulatory cells with
a CD4+ and FOXP3+ phenotype to modulate immune tolerance of the tumour
microenvironment (61, 62). One study conducted on 22 patients with prostate
cancer reported that the quantity of FOXP3+ T regulatory cells was negatively
associated with overall survival rate of the prostate cancer participants (63). An
additional study with 102 men diagnosed with localised prostate cancer reported a
significant increase in prostate cancer risk in men expressing epithelial CD4+ T
regulatory with a positive association of CD4+ FOXP3+ T regulatory cells in normal
prostate tissue with Gleason scores and stage of tumour progression (64). T
regulatory cells also facilitated immunosuppressive effects including CD80/CD86
interaction on antigen-presenting cells through the surface cytotoxic T lymphocyte-

associated antigen 4 resulting in inhibition of the T cell function (65).

The presence of myeloid-derived suppressor cells including immature
macrophages and dendritic cells in the tumour microenvironment has been
reported to promote metastasis and proliferation of the cancer cells through
immunosuppressive effects (66). In vitro studies conducted on myeloid-derived
suppressor cells demonstrated increased production of interleukin-10 (IL-10) and
decreased interleukin-6 (IL-6) and TNF-a where increased IL-6 directly regulated
myeloid-derived suppressor cell IL-10, promoting metastasis (67). Myeloid-derived
suppressor cells encouraged the development of prostate cancer through the
CD40-CDA40L interaction with mast cells leading to increased expression of ARG1,
NOS2 and STAT3 in transgenic adenocarcinoma of the mouse prostate (TRAMP)

mouse model (68). One study reported increased myeloid-derived suppressor cells
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in the blood of prostate cancer patients were associated with poor prognosis (69).
Myeloid-derived suppressor cells were reported to influence the phosphoinositide
3-kinase (PI3SK)/PTEN/AKT signalling pathway in prostate cancer mouse models
(70), although the importance of myeloid-derived suppressor cells and PTEN loss

in prostate cancer patients remains unknown.

Cellular components of the innate immune response including cytokines TGF-3,
IL-6 and IL-10 play a key role in cancer progression, angiogenesis and
immunosuppression (49). Interestingly, IL-6 mediates activation of several
signalling pathways that have been shown to be involved in increasing prostate
cancer cell proliferation including the PI3K/AKT pathway, the Janus kinase
(JAK)/STAT pathway, and the extracellular signal-regulated kinase 1 and 2
(ERK1/2)-mitogen activated protein kinase (MAPK) pathway (49). IL-6 has been
reported to increase prostate cancer aggressiveness by mediating epithelial-to-
mesenchymal transition, and through interaction of IL-6 receptor and activation of
STAT3 modulating prostate cancer growth (71, 72), indicating a key role of IL-6 in

prostate cancer progression.
1.5 Mitochondria, Reactive Oxygen Species (ROS) and Prostate Cancer

Reactive oxygen species (ROS) are highly reactive, oxygen-containing molecules
including hydrogen peroxide and free radicals, that promote pathogenesis of
several diseases including cancer (73). Studies have demonstrated that elevated
levels of ROS in prostate cancer cells can cause oxidative damage to DNA,
proteins and lipids, mitochondrial dysfunction, increased glucose metabolism and
activation of NADPH oxidases, all of which contribute to prostate cancer
progression (74-76). Mitochondria are key players in tumorigenesis being involved
in energetic capabilities of cancer cells supporting not only cell proliferation but the
malignant transformation of prostate cancer (77). Composed of complex |, II, 1, IV
and ATP synthase, the mitochondrial electron transport chain stimulates oxidative
phosphorylation to produce ATP with ROS as a damaging by-product (78). One
study reported elevated levels of mutations in mitochondrial complex I-encoding
genes were associated with 70 % reduction in NADH-pathway capacity and
increased ROS levels in the high-grade prostate cancer tissue samples (79).
Interestingly, recent studies have reported glutamate oxaloacetate transaminase 1
(GOT 1) was upregulated in prostate cancer tissue samples compared to normal
tissue samples (80, 81). GOT 1 converts aspartate to oxaloacetate, increasing

production of NADPH inhibiting ROS, regulating redox balance and promoting
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prostate cancer progression (82). Thus, ROS-mediated pathways in prostate

cancer could be targets for developing cancer prevention therapies.

1.6 Dietary Patterns and Prostate Cancer

Dietary patterns play an important role in prostate cancer risk and development
with a diet high in dairy products, animal fat and red meat associated with
increased risk and a diet high in fish, legumes, fruit and vegetables linked with
reduced risk (83, 84). Epidemiological evidence of bioactive compounds found in
fruits and vegetables have shown a negative association with prostate cancer
progression (85, 86). These include sulfur-containing compounds from cruciferous
and alliaceous vegetables, polyphenols from berries, pomegranate, dark
chocolate, and red wine, and carotenoids from tomatoes and carrots (87). These
bioactive compounds have different visual and taste properties for example, the
sulfur-containing compounds give cruciferous vegetables the pungent smell and
bitter taste which can be released during food preparation and chewing (88)
whereas the polyphenols give the foods red, purple and blue colour and some are
astringent (89). A report of a dietary intervention in which patients with localised
prostate cancer consumed either an oral capsule of a mixture of pomegranate,
green tea, broccoli and turmeric or an identical placebo for 6 months provided
evidence of a significant reduction in median PSA rise in the treated group (14.7
%) compared to the placebo group (78.5 %) (90), indicating that food bioactives in
combination have the potential to reduce prostate cancer risk. However, to what
extent each compound contributed to this reduced risk would need to be evaluated

with each bioactive separately.
1.7 Glucosinolates and Isothiocyanates from Cruciferous Vegetables

The chemopreventive effects of cruciferous vegetables such as broccoli, sprouts
and cabbage, have been associated with the presence of a particular group of
sulfur-containing compounds, the glucosinolates (91, 92). The most abundant
glucosinolate in broccoli is glucoraphanin that predominately accumulates in the
florets and is hydrolysed to the isothiocyanate sulforaphane (93). More than 130
types of glucosinolate structures had been determined with only a small
percentage present in the human diet (94). These can be divided into three groups
dependent on the amino acid precursor: aliphatic, such as glucoraphanin and
sinigrin, aromatic, such as glucotropaeolin, or indole, such as glucobrassicin (95).

In the European Prospective Investigation into Cancer and Nutrition (EPIC) human
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study, dietary intake of 2121 participants was assessed. They reported the mean
total glucosinolate intake estimated at 14.2 + 1.1 mg/day for men and 14.8 £+ 1.3
mg/day for women with broccoli, Brussel sprouts and cauliflower as the main

contributors to total glucosinolate intake (96).

With the health benefits of diets rich in glucosinolates such as glucoraphanin being
highlighted repeatedly in epidemiological studies and with supporting data from in
vitro studies, high-glucoraphanin F1 broccoli hybrids from the wild plant Brassica
villosa were developed (93). After 11 back crosses, the hybrids contained 2.5 to 3
times more glucoraphanin than standard broccoli, and this has been
commercialised as Beneforté® broccoli (97). More recently, a very high
glucoraphanin containing Fi broccoli hybrid has been developed with fewer
integrations, and this is named 1086 (98). A series of randomised control trials
have utilised these high glucoraphanin products in the form of broccoli soups to
investigate the effect of glucosinolates/isothiocyanates on health and disease (24,
25, 99).

Largely, glucosinolates themselves do not exhibit biological effects. However, they
are enzymatically hydrolysed either through (i) the breaking of cells which can
occur due to chewing or via processing such as chopping or blending which
releases the plant myrosinase (a thioglucosidase enzyme) to hydrolyse the
glucosinolates, or (ii) by microbial thioglucosidases present in the gut microbiota.
Hydrolysis of glucosinolates by thioglucosidases removes the glucose moiety to
yield an unstable intermediate which rapidly breaks down to give several derivates
including indoles, thiocyanates and isothiocyanates. The most studied
isothiocyanate is sulforaphane which is derived from glucoraphanin. The derivates
can be absorbed and reach the peripheral circulation (100). The processes
involved in the conversion of glucoraphanin to sulforaphane are summarised in
Figure 1.2. In plants, myrosinase enzymes breakdown glucosinolates and the
breakdown products are thought to be produced as a defence mechanism against
insects and pathogens (95). In humans, once ingested the glucosinolates are
somewhat absorbed through the gastrointestinal mucosa with a large proportion
metabolised in the gut lumen (101). In the proximal region of the gastrointestinal
tract, specific gut microbes hydrolyse the glucosinolates and cause the release of
the various breakdown products including isothiocyanates. There is an extensive
literature showing that isothiocyanates modulate various pathways and enzymes

including xenobiotic-metabolising and phase Il detoxification enzymes and thereby



Chapter One

give protection from DNA damage (102). Interestingly, the phase Il enzyme
GSTP1, a member of the glutathione-S-transferase (GST) family is silenced by
CpG island DNA hypermethylation in 90-95 % of prostate cancers (103).
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Figure 1.2. Metabolism of Glucoraphanin. The glucosinolate, glucoraphanin, is hydrolysed by
myrosinase enzyme to the active compound sulforaphane that is released as free sulforaphane into

systemic circulation. Adapted from Livingstone et al., 2019.

Isothiocyanates, including phenethyl isothiocyanate (PEITC) found in water cress,
benzyl isothiocyanate (BITC) found in cabbage, and sulforaphane ([1-
isothioyanato-4-(methyl-sulfinyl) butane]) found in broccoli, have been reported to
exert cancer protective activities including causing growth arrest and cell death
(104-107). Brassica vegetables also contain epithiospecifier proteins that can
influence in hydrolysis of glucosinolates and, depending on the conditions, can

convert intermediate sulfur compounds into nitriles such as sulforaphane-nitrile.
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Studies have indicated nitriles to be less potent at inducing phase Il detoxification
enzymes than isothiocyanates (108, 109) Thus, optimising the hydrolysis of
glucoraphanin such that production of the isothiocyanate sulforaphane is favoured
over the other breakdown products is expected to increase the potential

chemoprotective effects of broccoli.

A key transcription factor important in regulating antioxidant and phase I
detoxification enzymes and modulates cancer progression is nuclear factor-
erythroid 2-related factor-2, Nrf2 (110). Nrf2, a basic leucine zipper (bZIP) protein,
regulates numerous cell survival responses and repress oncogenic signalling
pathways including suppression of nuclear factor-kappaB (NF-xB) (111). PEITC,
BITC and sulforaphane act as potent regulators of Nrf2 and NF-«B. When exposed
to these sulfur compounds, the Nrf2-Kelch-like ECH-associated protein 1 (Keapl)
loses its ability to target Nrf2 for degradation, resulting in accumulation and nuclear
translocation of Nrf2, increasing antioxidant and anti-inflammatory activity (112).
PEITC was shown to suppress the expression of c-Myc in the LNCaP and 22Rv1
human prostate cancer cell lines, with 10 mg PEITC exposure 4 times/day for 1-
week in TRAMP mice associated with a significant decrease in plasma lactate and
pyruvate levels which was linked with suppression of glycolysis (104, 113). BITC
exposure to CRW-22Rv1 and PC3 human prostate cancer cell lines induced ROS
generation, and suppressed growth by affecting DNA fragmentation, causing loss
of mitochondrial membrane potential and activating caspase 3/7 (114). TRAMP
mice fed broccoli sprouts rich in sulforaphane was associated with decreased
histone deacetylase 3 protein expression in the prostate and reduced prostate

cancer incidence and progression to invasive cancer (115).

1.8 S-methyl-L-Cysteine Sulfoxide (SMCSO) and its Metabolites from
Cruciferous and Alliaceous Vegetables

Much of the current evidence regarding the health benefits for cruciferous and
alliaceous vegetable consumption have been associated with the hydrolysis
product of glucoraphanin, sulforaphane. However, the secondary metabolite S-
methyl-L-cysteine sulphoxide (SMCSO; methiin) present in cruciferous and
alliaceous vegetables, may also give health benefits and contribute to the
protective effects of a broccoli-rich diet. Interestingly, SMCSO is often found in
greater concentrations (1 — 4 % dry weight) in comparison to glucosinolates
(typically 0.1 — 0.6 % dry weight) in Brassica vegetables (116). SMCSO is

metabolised by microbial or plant cysteine conjugate 3 lyases to produce a range
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of biologically active compounds including S-methyl methanethiosulphinate
(MMTSI) and S-methyl methanethiolsulphonate (MMTSO) (117), and potentially
further undetermined compounds; summarised in Figure 1.3. The full mechanism
for SMCSO metabolism in humans remains unclear, although gut microbiota could
play a part as the conversion of SMCSO to the reduced analogue, S-methyl

cysteine, was reported to be via bacterial-mediated reduction reactions (118, 119).
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Figure 1.3. Metabolism of S-methyl-L-cysteine sulfoxide (SMCSO). Initially, SMCSO is broken
down by cysteine conjugate B lyases to secondary bioactive compounds through dimerisation and
disproportionation reactions to generate S-methyl methanethiolsulfonate (MMTSO) and potential

undetermined compounds. Adapted from Livingstone et al., 2019.
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There are only a few reports from studies of the absorption, metabolism and
biological activities of SMCSO and its metabolites, MMTSI and MMTSO with only
a few studies available that are concerned with effects on cancer progression.
Thiosulphinates, such as S-methyl methanethiosulfinate (MMTSI), have been
reported to inhibit the proliferation of human prostate and colon cancer cell lines
through both caspase-dependent and caspase independent apoptosis pathways
(120-122). An additional study demonstrated that exposure of HepG2 human liver
cancer cells to MMTSO and MMTSI, more so than SMCSO, reduced mitochondrial
potential, particularly at the high glucose environment. The study also
demonstrated upregulated pathways relating to immune responses including IL-
6/JAK/STAT3 and TGF- signalling, and downregulated common dysregulated
cancer-related pathways including angiogenesis, KRAS signalling and hedgehog
signalling (123), suggesting bioactivity of the sulfur compounds in cancer cells.
Further to this, another study reported SMCSO exposure for 24-hour to prostate
cancer cell lines demonstrated no changes to mitochondrial or glycolytic function,
with no significant change in ROS or redox status of PTEN in normal prostate
epithelial cells (124). To note, the tissue-specific metabolism of SMCSO
metabolites, MMTSI or MMTSO, were not investigated, thus further studies are
required to elucidate the role of SMCSO metabolites in prostate cancer
development. Of the in vivo evidence from animal studies, SMCSO and some of
the metabolites when fed to rats, were reported to inhibit chemically induced
tumourgenesis (125-128), potentially due to the presence of thio-sulphinate and
thiol functional groups in the breakdown products of SMCSO (106). In addition to
cancer, SMCSO consumption by diabetic rats led to lipid-controlling and blood
glucose-controlling effects (117, 129-131), suggesting SMCSO may have other
health benefits related to glucose modulation and metabolism. At present, there
are no established routes by which humans can synthesise SMCSO, making the
origin of SMCSO likely from diet (25). Thus, the use of dietary intervention to
explore the role of SMCSO in human health and disease seems the most plausible

route.
1.9 Sulfur-Containing Compounds and Glucose Metabolism

Glucose plays a key role in cancer development. It has been widely reported that
cancer has an altered glucose metabolism phenotype relying on both glucose and
glutamine to provide additional energy which supports the tumour growth; this is

known as the Warburg effect (132). Epidemiological studies have indicated that
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high blood glucose (hyperglycaemia) and high insulin levels increase the risk,
prevalence and growth of cancers including pancreatic, bladder and breast by
promoting proliferation and migration of the tumours (133, 134). Glucose
transporters (GLUTS), that facilitate glucose uptake, are usually over-expressed in
cancer cells; GLUT1 in prostate cancer is found in the most aggressive tumours
and prevents cell death of cancer cells (135). A study found under glucose
deprivation, prostate cancer cells overexpressing GLUT1 sustained mitochondrial
activity, significantly increased production of reduced glutathione and induced
necrotic cell death (135) suggesting a role of glucose metabolism in prostate
cancer progression. In addition, a cell based study indicated that insulin stimulated
prostate cancer progression, migration and invasion through upregulation of
Forkhead transcription factor 2, which is commonly involved in angiogenesis (136),
implicating a role of insulin metabolism in prostate cancer growth. Even though it
has been observed that diabetic men have a lower risk of prostate cancer
compared to non-diabetic men (137), the role of hyperglycaemia remains uncertain

in prostate cancer.

There are limited reports of the effects of sulfur-containing compounds on glucose
metabolism and regulation. One study reported that 2.5 mg/kg sulforaphane
intraperitoneally three times per week over 15 weeks prevented glucose
intolerance development in high-diet and high-fructose diet rats, with fasting blood
glucose significantly reduced in rats given sulforaphane compared to not-treated
rats (138). A study found administration of 10 mg/kg sulforaphane to diabetic mice
decreased fasting blood glucose and serum lipopolysaccharide levels, and
increased liver antioxidant capacities (139), suggesting a protective anti-diabetic
effect of sulforaphane. A further study investigated the effects of non-toxic sulfur
and methylsulfonylmethane on human monocytes and reported the sulfur-
containing compounds prevented high glucose induced inflammation by regulating
NF-«B through reactive oxygen species and protein kinase C-dependent pathways
(140). A few animal studies have indicated that SMCSO consumption by diabetic
rats led to lipid-controlling and blood glucose-controlling effects (129-131). A recent
animal study reported that daily gavage of 200 mg/kg SMCSO for 30 days reduced
blood glucose, triglycerides and very-low-density-lipoprotein levels. This was
associated with improved liver glycogen, ameliorated damage to the pancreatic
islets and increased activity of IL-10 cytokine which was linked with antioxidant
activity (141). Another animal study with 26 rats that were divided into three groups

(control, diabetic and diabetic + 200 mg/kg SMCSO) for 30 days, processed and
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assessed duodenum samples using histopathological and immunohistochemical
tests. SMCSO administration decreased hyperglycaemia, prevented the structural
changes of the duodenum caused by diabetes, and decreased NF-xB expression
(142). These studies suggest that consumption of SMCSO could modulate glucose
metabolism, mitigate oxidative stress and encourage immunomodulation.

1.10 Sulfur-Containing Compounds and Prostate Cancer Metabolism:
Evidence from Human Studies

Sulfur-containing compounds are a group of secondary metabolites found in
cruciferous and alliaceous vegetables such as broccoli and garlic. Epidemiological
studies have highlighted these compounds for their health benefits and reduced
risk of prostate cancer (26, 143). However, regardless of this evidence there have
been limited human intervention studies which demonstrate the effect of diets rich
sulfur-metabolites and prevention of prostate cancer development. One meta-
analysis was conducted to assess the link between intake of cruciferous vegetable
and prostate cancer risk. In the systematic literature search, that included 6
population based case control studies and 7 cohort studies, there was a significant
decrease in prostate cancer risk and cruciferous vegetables consumption (144).
Although due to the limited study number, further studies are needed. On the other
hand, a further study recruited 20 men with recurrent prostate cancer consuming
200 umoles/day of sulforaphane-rich extracts for a maximum of 20-weeks. Of the
20 participants, only one had a significant reduction in PSA level with seven
participants observing smaller non-significant reductions (145), thus further studies
delineating the role of sulforaphane as a preventative compound in tissues are

warranted.

One double-blind randomised control study recruited 98 men scheduled for
prostate biopsy and were assigned to either 200 umoles/day broccoli sprout extract
or matched placebo for 4 to 6 weeks prior to their biopsy. From the RNA-
sequencing analysis of prostate tissue, they reported 40 differentially expressed
genes associated with broccoli sprout extract including downregulation of genes
previously reported in prostate cancer development (146). The study also reported
increased accumulation of sulforaphane and metabolites in both plasma and urine

in the broccoli sprout extract supplementation compared to matched placebo (146).

One pharmacokinetics study, the Bioavailability of Sulforaphane from Broccoli
Soups (BOBS) study explored the appearance of sulfur-containing compounds in

blood and urine samples from a three-phase, double blinded, randomised
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crossover trial involving 10 healthy participants. The participants consumed 300 g
broccoli soups with different glucoraphanin enrichment: low: 84 + 2.8 umoles
glucoraphanin/300 g soup; intermediate: 280 + 8.8 umoles glucoraphanin/300 g
soup; high: 452 + 10.6 umoles glucoraphanin/300 g soup . The study reported a
threefold increase in the intermediate level soup and fivefold increase in the high
level soup of sulforaphane in plasma, with 2 to 15 % excretion yield (mole percent
from glucoraphanin) (99). In the plasma samples, the sulforaphane and metabolite
concentrations peaked between 6 to 8 hours which was in contrast to SMCSO that
peaked much earlier, between 1.5 to 2 hours (99). The later peak absorption of
sulforaphane is consistent with a requirement for gut microbiota-dependent
(colonic) hydrolysis of glucoraphanin to generate sulforaphane. Similar broccoli
soups to those used in the BOBS pharmacokinetics study were used in the Effect
of Sulforaphane on Prostate Cancer Prevention (ESCAPE) study. This study
utilised a three-arm parallel design to investigate the effects of once-a-week
consumption of one of the three broccoli soups on health parameters in 49 men on
active surveillance for prostate cancer. The study reported, in the control arm,
several hundred changes in gene expression in the prostate tissue with increased
expression of potentially oncogenic-related pathways such as epithelial-
mesenchymal transition and inflammatory processes (24). These gene expression
changes were mitigated in a glucoraphanin dose-dependent manner with those on
the high glucoraphanin broccoli soup indicating the largest suppression (24). This
study contributes to the mechanistic understanding of how cruciferous vegetable

consumption could reduce risk and progression of prostate cancer.

Whilst there has been in vitro and in vivo studies on the effect of SMCSO and its
breakdown products on human cell lines and in rats (117), there is limited human
interventional studies that have explored the role of SMCSO in humans. One study
evaluated the effect of SMCSO and S-carboxymethyl-L-cysteine sulphoxide
(SCMCSO) in four healthy males for fourteen days through administration of
radiolabelled SMCSO and radiolabelled SCMCSO. Following the administration,
the radiolabelled compounds had completely degraded to sulphate, with the urine
being the major path for excretion (96 % in 14 days) (147). A further study utilised
a four-week parallel single blinded design with a three-times-a-week high-dose
glucoraphanin broccoli soup to men scheduled for a TPB. They reported
accumulation of SMCSO within the prostate tissue as well as sulphate and ADP,
and also detected SMCSO within urine samples linked with that in the prostate

tissue (25). Although SMCSO role in humans remains relatively unknown, this
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study suggests a potential mechanism for SMCSO in cancer cell metabolism.
Considering the abundance and distribution of SMCSO in a wide range of
vegetables, the role of the sulfur metabolites in prostate cancer progression still

remains unknown, thus further studies are warranted.

1.11 Sulfur-Containing Compounds, Glucose and Prostate Cancer
Metabolism: Evidence from Human Studies

Men with diabetes have a lower overall risk of prostate cancer (137), however the
role of high blood glucose is unclear. Very few studies have focused on the effect
of high blood glucose in the context of prostate cancer and these provide conflicting
evidence; some report a shielding effect of high blood glucose and prostate cancer
whilst others suggest an increased risk of advanced prostate cancer in men with
high blood glucose (148). The association between diabetes and prostate cancer
risk was investigated in men from the Health Professionals Follow-Up Study which
ran between 1986 and 2004. During that time, 4,511 new prostate cancer cases
were diagnosed with prostate cancer risk lowered for men diagnosed for 1-6 years
and the risk further lowered for men who had been diagnosed for 6-15 years,
suggesting that diabetes is linked with reduced prostate cancer risk (149). On the
other hand, of the 1,663 men diagnosed with prostate cancer on the Finnish
Randomized Study of Screening for Prostate Cancer (FinRSPC), 808 had normal
blood glucose levels, 454 were in the pre-diabetes range and 401 were in the
diabetes range. Those who had blood glucose in the diabetes range, but not the
pre-diabetes range, had an increased risk of prostate cancer (150). To add, from
the long term use of antidiabetic drugs this risk association is removed, suggesting
that diabetic fasting blood glucose could be a prostate cancer risk factor. Thus,
further human studies are warranted to further decipher the link further between
impaired glucose metabolism and cancer progression through potential dietary

interventions, to prevent the development of such conditions.

Cruciferous vegetable consumption has been negatively associated with the
development of metabolic diseases such as diabetes (138, 151, 152). One study
investigated the pharmacogenomic effects of Prostaphane that contains
sulforaphane on prostate tumour cells, PNT1A, 22RV1 and DU145. They reported
a dose effects for 2 transcripts for 22RV1, 9 transcripts for PNT1A and 6 for DU145,
highlighting an oncogene that expression was reduced in PNT1A and 22RV1 after
exposure to Prostaphane (153). A few studies have explored the role on broccoli

consumption and glucose metabolism. One study investigated the effects of
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broccoli sprout powder rich in sulforaphane in 81 type-2 diabetic patients with
random allocation to either 10 g/day of broccoli sprout powder, 5 g/day of broccoli
sprout powder or matched placebo for 4 weeks. The study reported that 10 g/day
broccoli sprout powder led to a reduction in fasting glucose (1.9 mmol/l), and a
significant reduction in serum insulin concentration (0.85 mU/l) (154). Another
study evaluated the effects of broccoli sprout powder in an obese type 2 diabetic
cohort and demonstrated that 5 g/day broccoli sprout extract containing 5410 ppm
of sulforaphane, reduced fasting blood glucose by 0.7 mM and reduced glycated
haemoglobin (HbA1c) by 4 mmol/mol (138). Interestingly, the ESCAPE study also
observed that all 3 variants of broccoli soup reduced fasting plasma glucose
compared with baseline: low-glucoraphanin; 0.51 mmol/l, intermediate-
glucoraphanin; 0.25 mmol/l and high-glucoraphanin: 0.67 mmol/l (24). It could be
suggested that as all 3 broccoli soups decreased glucose levels, other
phytochemicals present in the broccoli such as SMCSO could be responsible for
this decrease in fasting plasma glucose in prostate cancer cohort. As the study did
not have a control soup that contained no glucoraphanin, a no-glucoraphanin soup

should be included as a key control arm in future human interventions.

The majority of clinical trials investigating the link between bioactive compounds
and prostate cancer have shown the beneficial effects of a diet rich in cruciferous
and alliaceous vegetables and reduced risk of prostate cancer, although some
have indicated no effect. The inconsistency in the results could possibly be due to
study type or sample size assessed. This warrants additional human intervention
trials to delineate the role of the dietary compounds further with larger cohorts and

cross-over studies.
1.12 Exposure of Prostate Tissue to Sulfur-Containing Compounds

From the epidemiological evidence, it is evident that there is an association
between consumption of sulfur-containing compounds and reduced risk of prostate
cancer. However, it remains unclear how and to what extent the prostate tissue is
exposed to sulfur-containing compounds. Within the existing literature, a few
mechanisms have been proposed including exposure of dietary compounds to the
prostate tissue through urinary reflux, through the systemic circulation or as a

consequence of microbial influence.

The concept of urinary reflux involves the passage of urine from the urethra into

the prostatic ducts (155). Urinary reflux to the prostate tissue was first reported in
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1982 with a human study involving 10 men with prostatitis receiving an intra-vesicle
instillation of carbon particles. Of the prostate tissue samples removed through
transurethral resection of the prostate, 70 % contained the carbon particles (155),
suggesting urinary reflux as a route of infection or inflammatory process in
prostatitis. Consistent with this, another study reported higher concentrations of
urate and creatinine, common waste products from urine, in prostate secretions
from men with prostatitis (156). One study involving the assessment of the prostate
glands from 27 men who had previously received bladder cancer treatment with
intravesical Bacillus Calmette-Guerin, showed that the peripheral zone of the
prostate is the most likely area to be exposed to urine due to the ductal anatomy
(2). However, another study investigated the incidence of granulomatous prostatitis
in prostate tissue removed from 472 patients who endured transurethral resection
of the prostate after bladder cancer treatment with intravesical Bacillus Calmette-
Guerin and had benign prostate hyperplasia. The study found granuloma formation
occurred throughout the prostate gland (157), indicating urinary reflux may not be
zone specific but instead results in exposure of the whole prostate. Although much
of the evidence has been from studies of urinary reflux in patients with disease
including prostatitis, it seems likely that exposure of the prostate tissue to plant-
derived bioactive compounds including sulfur-containing compounds found in urine
also occurs in healthy people. As several studies have reported the presence of
sulfur-containing compounds in urine samples (24-26, 99), it seems likely that the
sulfur-containing compounds are exposed to the prostate through a urinary reflux
mechanism and as a consequence these compounds could contribute to

reductions in prostate cancer progression.

The exposure of dietary bioactive compounds to the prostate could also occur
through systemic circulation. A pharmacokinetics study following consumption of
broccoli soups reported the appearance of the dietary sulfur-containing
compounds, sulforaphane and SMCSO, in plasma of healthy individuals (99). A
more recent human study (Norfolk ADaPt) recruited men scheduled for a trans-
perineal prostate biopsy and utilised a randomised, double-blinded, 2 x 2-factorial
design to test the effects of broccoli and garlic dietary supplements in a four-week
intervention study. Of the 39 men who completed, they reported sulforaphane and
alliin were found in both the peripheral and transitional zone of the prostate tissue
samples (26). With the exposure being higher in specific zones and the complex
arterial network via the prostatic arteries (158), this makes systemic circulation a

plausible mechanism of exposure of dietary sulfur-containing compounds to the
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prostate. Although due to further metabolism such as sulphation, glucuronidation
and methylation (99, 159), this could reduce the biological activity of the
compounds leading to lower concentration of delivery through systemic circulation

to the prostate.

There has been recent evidence of specific microbes being associated with the
prostate tissue and urinary tract as well as prostate cancer pathogenesis (160,
161). A recent study reported the presence of five specific anaerobic bacteria in
the urine of patients with higher prostate cancer risk (162). It has also been
reported that Escherichia isolated from faecal samples of 5 participants were found
to metabolise glucosinolates and SMCSO to their reduced compounds (119).
These studies suggest a link between specific bacteria present in the prostate,
prostate cancer risk and progression and microbial breakdown of sulfur
metabolites, suggesting a role of the microbiome in delivery of dietary compounds

to the prostate.
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1.13 Thesis Hypotheses and Objectives

This thesis reports the results of studies of the effects of the sulfur-containing

compounds, SMCSO and its metabolite MMTSO, on prostate cancer metabolism,

which was investigated in vitro using cultured DU145 prostate cancer cells.

The two hypotheses of this thesis were:

1. The sulfur-containing compounds SMCSO and/or MMTSO reduce

prostate cancer risk/progression by beneficially altering energy
metabolism in prostate cancer cells.

The sulfur-containing compounds SMCSO and/or MMTSO affect the
energy metabolism phenotype of prostate cancer cells by changing the
expression of genes and metabolite profiles involved in energy metabolism

and metabolic pathways.

These hypothesis were addressed by:

Investigating the effects of treatments with SMCSO and MMTSO on real-
time mitochondrial energetics of DU145 prostate cancer cells, using the
Seahorse Bioanalyser (Chapter 2).

Determining the effects of treatments with SMCSO and MMTSO on the
gene expression profiles of DU145 prostate cancer cells, using the next
generation sequencing technology, RNA-sequencing (Chapter 3).
Evaluating the effects of treatments with SMCSO and MMTSO on the
global metabolomic profile of DU145 prostate cancer cells, using

untargeted and targeted metabolomic analyses (Chapter 4).

In addition, since there have been no randomised controlled trials that have

specifically investigated the potential effects of SMCSO consumption on prostate

cancer progression, and a key limitation has been the lack of a suitable SMCSO-

rich food product and an appropriate SMCSO-free placebo food product, a further

objective of the research was to develop and characterise products that could be

suitable for future cancer human trials (Chapter 5).
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Chapter Two

Chapter Two: In vitro analysis of SMCSO and MMTSO on
prostate mitochondrial energetics and metabolism

2.1 Introduction

Cruciferous vegetables such as broccoli accumulate sulfur-containing compounds.
These compounds are responsible for the characteristic pungent taste of the
vegetables and have been associated with many beneficial effects including anti-
diabetic and chemopreventative. Whilst much of the beneficial effects of these
sulfur-containing compounds have been linked with the hydrolytic product of
glucoraphanin, sulforaphane (SFN), S-methyl cysteine sulfoxide (SMCSO) and
potentially its metabolite, S-methyl methanethiolsulphonate (MMTSO) have been
poorly studied. Considering the abundance and distribution of SMCSO in a wide
range of cruciferous and alliaceous vegetables (117), the role of SMCSO and

MMTSO in prostate cancer energy metabolism remains unknown.

The potential chemopreventative role of SMCSO and MMTSO has been virtually
overlooked with only a few in vitro studies investigating their effect on energy
metabolism in cancer cells. One cell based study reported SMCSO treatment to
prostate cancer cell lines demonstrated no changes to mitochondrial or glycolytic
function, with no significant change in ROS or redox status of PTEN in normal
prostate epithelial cells (124). Another cell based study demonstrated that
exposure of MMTSO and MMTSI to human liver cancer cells (HepG2) decreased
mitochondrial potential, upregulated pathways relating to immune response
including IL-6/JAK/STAT3 signalling, and downregulation commonly dysregulated
cancer-related pathways including angiogenesis and KRAS signalling (123).

Whilst there is limited evidence from animal studies have reported the anti-diabetic
and lipid-controlling effect of SMCSO in diabetic rats (129-131, 142), only a few
mouse studies have explored the effect of SMCSO and MMTSO in vivo on cancer
progression and metabolism. Doses of 0.5 mmol/kg SMCSO and 0.05 mmaol/kg
MMTSO administered to ICR mice significantly inhibited induced genotoxicity, with
severe toxic effects of 0.5 and 1.0 mmol/kg MMTSO (125). Another animal study
reported 5 mg/kg MMTSO alongside azoxymethane for five weeks to rats reduced
aberrant crypt foci, precursor lesions of colorectal cancer, and decreased
numerous biomarkers of cell proliferation (126). MMTSO was explored on large
bowel cancer progression, where they found a protective and potential

chemopreventative ability for liver neoplasms, and indicated antioxidant activity
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against oxidative degradation of lipids in tests with rabbit erythrocyte membrane
and rat hepatocytes (128), potentially due to the presence of thio-sulphinate and
thiol functional groups (117, 163). These studies suggest that MMTSO could be a
potential chemopreventive agent in vivo and that further studies to investigate this

are warranted.

To date, there have been two human studies that have explored SMCSO in
humans: one investigating the excretion and one the accumulation in the prostate
tissue. One study reported fourteen days after administration of [35S]-SMCSO and
[35S]-SCMCSO to 4 healthy males, the radiolabelled compounds had completely
degraded to sulphate, with the urine being the major path for excretion (96 % in
14 days) (147). The other study reported that SMCSO accumulated in the prostate
tissue as well as sulphate and ADP, with the supplemented exhibiting a higher
SMCSO concentration in both the prostatic tissues and urine (25). Further cell-
based assays demonstrated SMCSO affected ATP present in cells (25). These
studies could suggest that SMCSO and/or its metabolites may have biological
properties that remain unidentified, and that they may play a role in the effect of a

broccoli-rich diet.

Unlike normal cells, prostate cancer cells rewire their central metabolism in order
to meet the high energy demands of the cancer proliferation, migration and
invasion (39). Normal prostate cells are citrate-focused and aim to utilise glucose
and aspartate through glycolysis to generate citrate for secretion. However,
prostate cancer cells have a unigue metabolic profiling that drives oxidative
phosphorylation and utilise more fatty acids via beta-oxidation to feed into the citric
acid (TCA) cycle to generate ATP and support the cancer growth (36, 164).
Androgen-signalling in prostate cancer promotes TCA cycle functions including
amino acid metabolism, and this plays a vital role in prostate cancer progression
(36). Studies have reported that prostate cancer cells display a raised uptake of
extracellular fatty acids (165) with prostate tumours having elevated levels of TCA
intermediates including malate, fumarate and succinate, compared to normal
tissues (40). Interestingly, recent studies have reported a role of glutamine and
glutamate metabolism in the redox balance of prostate cancer progression via
glutamate oxaloacetate transaminase 1 (GOTL1) (81). There is a gap in the current
literature of the biological effects of these dietary sulfur compounds, SMCSO and
MMTSO, on central energy metabolism in prostate cancer. Evaluating the

mitochondrial metabolism in prostate cancer cells following exposure to SMCSO
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and MMTSO, will give a better understanding of their effect on energy metabolism

in prostate cancer progression.

This chapter investigates SMCSO and its metabolite, MMTSO, through molecular
techniques to investigate their influence on DU145 prostate cancer cell
metabolism. This data provides the first evidence of the metabolic role of MMTSO
in DU145 prostate cancer cells. In combination with transcriptomic and
metabolomic analysis (Chapter 3 and 4) this gives a comprehensive understanding
of prostate cancer metabolism and the effect of exposure to dietary sulfur
metabolites, which could lead to better therapeutic responses.

24



Chapter Two

2.2 Aims

Investigate effects of sulfur-containing compounds, SMCSO and MMTSO, on cell
viability and metabolism in DU145 prostate cancer cell line:

e To characterise the effect of SMCSO and MMTSO on cell viability to select
a non-toxic and potentially physiologically relevant concentration for further
mitochondrial energy assessment.

e To investigate the effects of SMCSO and MMTSO individually and in
combination on mitochondrial metabolism in prostate cancer cells.

e To evaluate the effects of SMCSO and MMTSO on ATP production and
maximal respiration, using Seahorse XFp and XFe96 Bioanalyser.

e To perform analyses on other metabolic pathways such as glycolysis,
glutamine and fatty acid metabolism using appropriate Seahorse assays.
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2.3 Materials and Methods
2.3.1 Cell Culture

Human prostate adenocarcinoma cell line, DU145 (Cat. HTB-81), was purchased
from the American Type Culture Collection (ATCC®); human normal prostate
epithelial cells, PNT1A (Cat. 95012614) were purchased from the European
Collection of Authenticated Cell Cultures (ECACC). DU145 cells were cultured in
EMEM media (ATCC®), PNT1A cells were cultured in RPMI-1640 (Merck®)
media; both media were supplemented with 10% Fetal bovine serum (FBS,
ThermoFisher®) and 1% penicillin/streptomycin (ThermoFisher®). All cells were
cultured to 70% confluence and grown as adherent monolayers maintained at 37°C
in a humidified atmosphere containing 5% CO, and cultured under standard
glucose environment of 5.5 mM unless stated otherwise. The high glucose
treatments were delivered in DMEM media (Merck®) supplemented with 1 mM
sodium pyruvate (ThermoFisher®) and 10 mM glucose solution (ThermoFisher®)
to mimic an intermediate glucose environment or 25 mM glucose solution

(ThermoFisher®) to mimic a high glucose environment.
2.3.2 Treatment with SMCSO or MMTSO

After the cells were cultured in standard conditions, the appropriate treatment or
vehicle control was added in triplicate, unless stated otherwise, diluted in medium
for a further 24-hour incubation. S-methyl L-cysteine sulfoxide (SMCSO) was
purchased from LKT Laboratories (CAS 6858-87-8, purity >98%). S-methyl
methanethiosulfonate (MMTSO) was purchased from Merck® (CAS 2949-92-0,
purity 97%). Both SMCSO and MMTSO were dissolved in water to create a 10 mM
stock solution that was diluted to the final treatment concentrations. Both were

used in parallel with a water control.
2.3.3 WST-1 Assay

The WST-1 colorimetric assay assesses the cleavage of tetrazolium salt WST-1
((4-[3-(4-lodophenyl)-2-(4-nitro-phenyl)-2H-5-tetrazolio]-1,3-benzene sulfonate) to
formazan by mitochondrial enzymes of metabolically active viable cells. WST-1 cell
proliferation kit (Merck®) was used according to the manufacturer’s specifications.
Briefly, the cells were seeded at 1.25 x 10° cells/ml in 96-well plates in a final
volume of 200 pl/well. Cells were cultured under standard conditions for 24-hours.

After 24-hours, the media was removed, and cells were treated with a combination
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of SMCSO and MMTSO diluted in medium for 24 hours. Ten microliters of WST-1
reagent were added to each well and incubated in standard culture conditions.
WST-1 cleavage was measured after 30-min or 1-hour at 450 nm (sample) and
650 nm (background) using the FLUOstar Omega microplate reader (BMG
Technologies). Medium plus WST-1 served as a blank, which was deducted from
all values. WST Activity (% relative to control) were calculated by the equation:
(WST-1 value/Control value) x 100.

2.3.4 Cell Viability Assay

DU145 cells were seeded at 2.5 x 10° cells/ml in 12-well plates in a final volume of
1 ml/well and cultured under standard conditions for 48-hours. After 48-hours, the
media was removed, the wells were washed with 1x phosphate-buffered saline
(PBS, Gibco®) and cells were treated with SMCSO or MMTSO diluted in medium
for 24-hours. The treatment was removed, and all wells were washed with 1x PBS
before the addition of 250 ul of 0.25 % trypsin (Gibco®) to each well. Cells were
incubated for 10-minutes under standard conditions. To neutralise the trypsin, 500
pl of medium was added to each well. Cells were diluted 1:1 with trypan blue
(ThermokFisher). Images of the cells were taken, and cell viability was measured
by Countess™ |l Automated Cell Counter (ThermoFisher).

2.3.5 Seeding Seahorse Cell Culture Miniplate

The Seahorse Bioanalyser was chosen to measure oxygen consumption rate
(OCR) and extra-cellular acidification rate (ECAR). Assays are run in real-time and
selected based on pathway assessment. In this chapter, cell mito stress test (166),
glycolysis stress test (167), real-time ATP test (168), and mito fuel flex test (169)
were used, representing rates of mitochondrial metabolism, glycolysis, real-time
ATP measurement and fuel dependency respectively. The compounds used within
each assay has been optimised and standardised by Agilent for each test. For
example, with the cell mito stress test, fCCP is the second injection which is a
mitochondrial membrane uncoupler and allows for the quantification of maximal

respiration (166).

By use of the Seahorse XFp and Seahorse XFe96 Bioanalysers (Agilent®),
assessment of mitochondrial respiratory rate (oxygen consumption rate, OCR) and
non-mitochondrial respiratory rate (extracellular acidification rate, ECAR) in live
cells through fluorescent technology activated by the presence of oxygen and

protons in the cell culture medium was conducted. The Seahorse XFp Bioanalyser
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(Agilent®) allowed the assessment of 6-samples (Figure 2.1A); the Seahorse
XFe96 Bioanalyser (Agilent®) allowed for the assessment of up to 92-samples
(Figure 2.1B).

For both Bioanalysers, DU145 cells were grown to 70-80 % confluency and seeded
at 3 x 10* cells/well in a total volume of 200 pl in the central wells of Seahorse cell
culture plates (Agilent®). For the XFp the two outer wells acted as the assay
controls; for the XFe96, the four corner wells acted as the assay controls, all
contained media only. The surrounding moats or empty wells were filled with sterile
1xPBS (Gibco®). The cells were cultured under standard conditions for 24-hours

prior to treatment.
2.3.6 Preparation of Seahorse Sensor Cartridge

At least 8-hours prior to the assay run, the appropriate sensor cartridge for the
correct Bioanalyser was selected (Figure 2.1C and 2.1D) and hydrated with 200
pl/well of XF Calibrant solution (Agilent®). For the XFp sensor cartridges, an
additional 400 pl was added in each of the surrounding moats. The cartridge was
placed in a 37 °C non-CO; incubator until required. The sensor cartridge contains
four injection ports that the metabolic inhibitor compounds are added into on the
day of the assay and a probe in the centre of each injection port. The compounds
are released from the injection ports into the medium over the course of the assay,
and the probes are lowered into the medium at regular intervals during the assay
which measure the OCR and ECAR.
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Figure 2.1. Seahorse plates (A) XFp cell culture miniplates (B) XFe96 cell culture miniplates,
highlighting the four corners used for blank (contain medium only) (C) XFp sensor cartridge with
compound injection ports. (D) XFe96 sensor cartridge with compound injection ports. For the XFp
cell culture miniplates, the central 6 wells (B-G) were seeded with cells in medium, the two outer wells
(A and H) contained media without cells. For the XFe96 cell culture plates, up to 92 wells were seeded
with cells in medium, the four corner wells (A1, A12, H1 and H12) contained media without cells. For
the sensor cartridges, at least 8-hours prior to assay, the appropriate sensor cartridge was selected
and hydrated with XF Calibrant solution. The cartridge contains injection ports to add the compounds
and probes to measure the OCR and ECAR per well. For the XFe96 plate, the triangular notch (circled
in red) should be at the bottom left-hand corner. Source: Agilent®.
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2.3.7 Preparation of Seahorse Cell Culture plate

After treatment with SMCSO or MMTSO, as described in section 2.3.2, the media
was removed and the cells were washed and incubated with 180 pl of warmed
assay medium: Agilent® XF base DMEM, pH 7.4, supplemented with 2 mM L-
glutamine (Merck®), 2 mM pyruvate (ThermoFisher®) and 10 mM glucose
(ThermoFisher®) for 1-hour in a 37°C non-CO; incubator. For glyco stress assay,
the Agilent® XF base DMEM, pH 7.4, medium was supplemented with just 2 mM
L-glutamine (Merck®).

2.3.8 Loading of Seahorse XFp Sensor Cartridge

Once the cell culture plate was added to the 37°C non-CO; incubator, the sensor
cartridge was loaded with the compounds for the appropriate test. For the
mitochondrial stress test, oligomycin, FCCP, rotenone and antimycin A were
required; for the glycolysis stress test glucose, oligomycin, and 2-deoxy-D-glucose
were required. For the XFp analysis, all compounds, apart from the glucose
(ThermoFisher®), were purchased from Merck®. The compounds were diluted in
DMSO to generate 10 mM stock solutions, which were stored at -20°C until
required. On the day of the assay, the working solutions of the compounds were
generated by dilution in warmed assay medium (Table 2.1 and Table 2.2) and
inserted into the sensor cartridge into the correct port. Once the compounds had
been inserted, the sensor cartridge was loaded into the Seahorse XFp Extracellular
Analyser and calibrated. After calibration, the cell culture miniplate was loaded into

the Seahorse XFp Analyser and the assay commenced.
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Table 2.1. Template for loading injection ports of the sensor cartridge for mito stress assay

Port Designation Injection Port Well
9 Volume Concentration Concentration
A —Oligomycin 20 pl 10 uM 1.0 uM
B - FCCP 22 pl 5.0 uM 0.5 uM
C — Rotenone/ 25 pl 5.0 UM 0.5 uM

Antimycin A

Table 2.2. Template for loading injection ports of the sensor cartridge for glyco stress test

Port Desianation Injection Port Well
9 Volume Concentration Concentration
A - Glucose 20 ul 100 mM 10 mM
B — Oligomycin 22 pl 10 uM 1.0 uM
C — Deoxy-D- 25 4l 500 mM 50 mM
glucose

2.3.9 Loading of Seahorse XFe96 Sensor Cartridge

Once the cell culture plate was added to the 37°C non-CO; incubator, the sensor
cartridge was loaded with the compounds for the appropriate test. For the real-time
ATP test, oligomycin and, rotenone and antimycin A were required; for the mito
fuel flex test, UK5099, etomoxir and BPTES were required. For the XFe96 analysis,
all compounds were purchased from Agilent® from the appropriate test kit. The
compounds were stored at room temperature. On the day of the assay, the
compounds were prepared and diluted in assay medium as per the manufacturer’s
instructions to generate working solutions of the compounds. The final compound
added also contained 1:1000 dilution of Hoechst dye (20 mM, Thermo Fisher®) to
allow for normalisation. All compounds were inserted into the XFe96 plate using a
multi-channel pipette. Once the compounds had been inserted, the sensor
cartridge was loaded into the Seahorse XFe96 Extracellular Analyser and
calibrated. After calibration, the cell culture plate was loaded into the Seahorse

XFe96 Analyser, and the assay commenced.
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2.3.10 Cell Mito Stress Assay using Seahorse XFp Bioanalyser

The mitochondrial stress assay was conducted according to manufacturer’s
instructions. Measurements were taken approximately every 7-minutes for a total
of approximately 80-minutes. Oligomycin was injected at 14-minutes, FCCP was
injected at 35-minutes and Rotenone/Antimycin A was injected at 54-minutes from
the start of the assay. The ATP production and maximal respiration can be

estimated from the outputs from the pre-set template (Figure 2.2).
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Figure 2.2. Seahorse Cell Mito Stress Profile. The pre-set template for the Cell Mito Stress Test
assay allows for estimates of basal respiration, ATP production and proton leak after Oligomycin
addition, maximal respiration after FCCP addition and Spare capacity and non-mitochondrial oxygen
consumption after Rotenone & Antimycin A addition. Source: Agilent®.

2.3.11 Glyco Stress Test using Seahorse XFp Bioanalyser

The glyco stress test was conducted according to manufacturer’s instructions.
Measurements were taken approximately every 7-minutes for a total of
approximately 80-minutes. Glucose was injected at 14-minutes, oligomycin was
injected at 35-minutes and 2-deoxy-D-glucose was injected at 54-minutes from the
start of the assay. The glycolysis can be estimated from the outputs from the pre-

set template (Figure 2.3).
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Figure 2.3. Seahorse Glyco Stress Test Profile. The pre-set template for the Glycolysis Stress
Test allows for estimates of glycolysis after glucose addition, glycolytic capacity after oligomycin
addition and glycolytic reserve after 2-deoxy-D-glucose (2-DG) addition. Source: Agilent®.
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2.3.12 Real-time ATP Test using Seahorse XFe96 Bioanalyser

The real-time ATP test was conducted according to manufacturer’s instructions.
Measurements were taken approximately every 7-minutes for a total of
approximately  60-minutes. Oligomycin was injected at 14-minutes,
Rotenone/Antimycin A was injected at 35-minutes from the start of the assay. The
total ATP production rate from glycolytic and mitochondrial ATP production rate,
and the % oxidative phosphorylation can be estimated from the outputs from the

pre-set template (Figure 2.4).
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Figure 2.4. Seahorse Real-time ATP test. The pre-set template for the real-time ATP test allows for
estimates of total ATP production and % of oxidative phosphorylation after oligomycin and
rotenone/antimycin A addition. Source: Agilent®.

2.3.13 Mito-Fuel Flex Test using Seahorse XFe96 Bioanalyser

The mito-fuel flex test was conducted according to manufacturer’s instructions.
Measurements were taken approximately every 7-minutes for a total of
approximately 90-minutes. The first injection was injected at 14-minutes, followed
by the second injection at 54-minutes from the start of the assay (Table 2.3). This
test allows for estimates of multiple assessments to evaluate the dependency of

glutamine, fatty acids and glucose from the outputs from the pre-set template.

Table 2.3. Template for injections timings for mito-fuel flex test

Assessment First Injection Second Injection
Glutamine dependency BPTES UK5099 + Etomoxir
Fatty acid dependency Etomoxir UK5099 + BPTES

Glucose dependency UK5099 Etomoxir + BPTES
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2.3.14 Normalisation using Total Protein using BCA Assay for XFp

After the Seahorse XFp assay, protein was extracted from each well and
guantified. The assay medium was removed, and 1x cell lysis buffer (Cell Signaling
Technologies) was added to each well. The wells were scraped, and the lysate
placed into Eppendorf tubes. The samples were briefly vortexed and vortexed
every 5-minutes whilst incubated on ice for a total of 15-minutes. The samples
were centrifuged at 14,000 rpm for 10-minutes at 4°C and the supernatant was
taken for quantification by bicinchoninic (BCA) protein assay (Merck®). Briefly,
bovine serum albumin (BSA, Merck®) was diluted in 50 mM sodium phosphate
buffer, pH 6.0, to generate stocks ranging from 0-1000 pg/ml. BCA working
reagent was made by the ratio 50:1 of BCA Reagent A (bicinchoninic acid)
(Merck®) to BCA Reagent B (copper Il sulphate) (Merck®). Twenty-five microlitres
of each protein standard and samples were added to a 96-well plate before the
addition of 200 pl of BCA working reagent. The plate was placed in a 37°C non-
CO:; incubator for 30-minutes. The absorbance was measured at 565 nm using the
FLUOstar Omega microplate reader (BMG Technologies) and total protein
concentration was calculated and each well normalised. Data are presented as

pmol/min/ug protein.

2.3.15 Normalisation using Hoechst Staining for XFe96

Prior to the XFe96 assay, the CLARIOstar® Plus microplate reader (BMG
LABTECH) was setup with the following instrument settings stated in Table 2.4.

Table 2.4. Instrument settings for Normalisation using Hoechst Staining

Fluorescence intensity, endpoint — Top read

Hoechst pre-set

Optic settings Mon;;?i:]on;ator Ex 355-20

g Em 455-30
Gain and focus 1400/ 2.1 mm

Number of flashes 2
General settings
Settling time O0s
Well scan Matrix scan 15 x 15 (3mm)
Incubation Temperature 37°C
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As previously mentioned in section 2.3.8, Hoechst dye was mixed with the last
compound. Due to the automatic insertion of the dye with the last compound to the
cells, the plate was ready to be taken to the CLARIOstar® Plus plate reader (BMG
LABTECH) at the end of the Seahorse assay, where the fluorescence of each well
was read. The fluorescence produced was proportional to the number of cells in
each well. For quantification, the average signal of each well was divided by the
averaged blanks (four corner wells) to give the signal/blank ratio. This ratio was
exported into excel and imported into the Seahorse Wave software where the data

were normalised. Data are presented as pmol/min/Norm. Unit.

2.3.16 Statistical analysis

All statistical analysis were performed in Prism using GraphPad Software. Where
appropriate either one-way ANOVA followed by Tukey’s honest statistical
hypothesis test for multiple comparisons, or unpaired two-way T-test were used. A
p < 0.05 with a 95 % confidence interval was defined to be statistically significant;
n.s. p > 0.05; no significance present, *p < 0.05, **p < 0.01, ***p < 0.001, *™**p <

0.0001. Data are expressed as mean + standard deviation.
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2.4 Results
2.4.1 SMCSO did not affect WST-1 activity under all glucose environments

To access the effect of SMCSO on cell viability, WST-1 assay was used. Briefly,
DU145 cells were cultured for 24 hours allowing adherence and treated for a further
24 hours with the compounds before the addition of the WST-1 reagent. WST-1
activity (% relative to control) was measured as: (WST-1 value/Control value) x
100. SMCSO elicited no effect on WST-1 activity in basal (5.5 mM), intermediate
(10 mM) and high (25 mM) glucose environments (Figure 2.5A — C).
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Figure 2.5. WST-1 activity of DU145 cells with SMCSO treatments. Briefly, the cells were cultured
for 24-hours and treated for a further 24-hours with 0 pM — 500 pM concentrations of SMCSO before
the addition of WST-1 reagent and absorbance measured. Cells were either treated in glucose
concentrations of (A) basal, 5.5 mM, (B) intermediate, 10 mM, or (C) high 25 mM. SMCSO did not
affect WST-1 activity in all glucose concentrations. n.s. = not significant.
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2.4.2 High concentrations of MMTSO reduced WST-1 activity under all
glucose environments

Further to the WST-1 assays with SMCSO, the WST-1 assay was used to assess
the metabolic activity of DU145 cells when treated with MMTSO. As before, the
same method was employed with increasing dosage of the compound. MMTSO
caused a decrease in WST-1 activity in high concentrations; concentrations greater
than 250 uM in basal and intermediate glucose environment (Figure 2.6A and
2.6B), and 175 uM and greater in high glucose environment (Figure 2.6C).
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Figure 2.6. WST-1 activity of DU145 cells with MMTSO treatments. Briefly, the cells were cultured
for 24-hours and a treated for a further 24-hours with 0 pM — 500 uM concentrations of MMTSO
before the addition of WST-1 reagent and absorbance measured. Cells were either treated in glucose
concentrations of (A) basal, 5.5 mM, (B) intermediate, 10 mM, or (C) high 25 mM. High concentrations
of MMTSO did affect WST-1 activity in all glucose concentrations. n.s. = not significant; ** = p < 0.01;
*+* = p <0.001; **** =p < 0.0001.
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2.4.3 SMCSO did not affect cell viability; at 500 uM MMTSO reduced cell
viability

To further evaluate the effect of the sulfur compounds, SMCSO and MMTSO, on
cell viability, cell staining, and quantification were used. Briefly, DU145 cells were
cultured for 24 hours allowing adherence and a treated for a further 24 hours with
the compounds at increasing concentrations: 0, 10, 100 and 500 uM in basal
glucose environment. The cells were trypsinised, mixed with trypan blue at 1:1
ratio, and added to a Countess cell counting slide. The slide was inserted into the
Countess imager and the cells were counted, and live cell percentage was
evaluated. Paralleling the result seen in WST-1, SMCSO had no effect on cell
viability as seen by no difference in the increased compound concentrations
(Figure 2.7A). However, MMTSO treatment at 500 uM did affect cell viability as
seen by the significant decrease in live cell percentage (Figure 2.7B).

n.s.

(A) (B) _ n.s. n.s
1007 = = - 100 . = -
v 0
8 50 8 50
o o
2 2
| |
*kkk
0 | 1 1 | 0 1 1 1 |
\ \
6‘@ 0§ 0§ 0§ 6‘@ 0§ o¥ 0§
® VS o YOS S

Figure 2.7. Cell viability of DU145 cells with treatments of SMCSO and MMTSO. Briefly, the cells
were cultured for 24-hours and a treated for a further 24-hours with 0, 10, 100 and 500 puM
concentrations of SMCSO and MMTSO under basal (5.5 mM) glucose environment, before the cells
were trypsinised and cell viability assessed using Countess cell imager. Live cell percentage was
assessed for SMCSO (A) and MMTSO (B) treatments. SMCSO did not affect cell viability, but
MMTSO did affect cell viability at 500 M. n.s. = not significant; **** = p < 0.0001.
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2.4.4 DU145 have a higher mitochondrial metabolism compared to PNT1A

To assess the mitochondrial metabolism of human prostate cancer cells compared
to normal human prostate epithelial cells, the Seahorse XFp Bioanalyser was used.
Briefly, prostate cancer cells, DU145, were cultured for 24 hours allowing
adherence and treated for a further 24 hours with vehicle (water) in basal (5.5 mM)
glucose environment before the cell mitochondrial stress test was used. Prostate
cancer cells (DU145) have higher mitochondrial metabolism compared to normal
prostate epithelial cells (PNT1A), Figure 2.8A. Although not significant, DU145
cells have higher ATP production and maximal respiration, when compared to
PNT1A cells (Figure 2.8B and 2.8C).
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Figure 2.8. Mitochondrial stress tests with PNT1A and DU145 cells. Briefly, the cells were
cultured for 24-hours and treated for a further 24-hours with vehicle under glucose concentrations of
basal before the cell mitochondrial stress test was used on the Seahorse XFp Bioanalyser. (A) DU145
cells have higher mitochondrial metabolism compared to PNT1A. Although not significant, DU145
have higher ATP production (B) and maximal respiration (C), when compared to PNT1A . n.s. = not
significant; * = p < 0.1.
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2.45 SMCSO exposure for 24-hours had no effect on mitochondrial
metabolism

To assess prostate mitochondrial metabolism, the Seahorse XFp Bioanalyser was
used. From a previous dietary intervention involving consumption of broccoli
soups, SMCSO was reported in urine up to concentrations ~100 uM (25). Due to
potential urinary reflux of SMCSO, treatment of 100 uM SMCSO was selected for
the following experiments. Briefly, DU145 cells were cultured for 24 hours allowing
adherence and a treated for a further 24 hours with either the vehicle (water) or
100 pM SMCSO in three glucose environments: basal (5.5 mM, Figure 2.9A),
intermediate (10 mM, Figure 2.9B) or high (25 mM, Figure 2.9C) before the cell
mitochondrial stress test was used. Compared to the control, SMCSO had no

significant effect on mitochondrial metabolism (red lines in Figure 2.9A — 2.9C).
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Figure 2.9. Mitochondrial stress tests with SMCSO treatments. Briefly, the cells were cultured for
24-hours and a treated for a further 24-hours with vehicle or 100 pM SMCSO under glucose
concentrations of (A) basal, 5.5 mM, (B) intermediate, 10 mM, or (C) high, 25 mM before the cell
mitochondrial stress test was used on the Seahorse XFp Bioanalyser. SMCSO exposure for 24-hours
had no effect on mitochondrial metabolism. n.s. = not significant.
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2.4.6 SMCSO exposure for 24-hours had no effect on ATP production or
maximal respiration in DU145 cells

From the cell mitochondrial stress test (Figure 2.9), ATP production and maximal
respiration was assessed. Briefly, ATP production is calculated from the decrease
in OCR upon injection of oligomycin (ATP synthase inhibitor) compared to basal
respiration; maximal respiration is calculated from the increase in OCR upon
injection of fCCP (electron uncoupler) to mimic the maximum rate of respiration of
the cells. Compared to the control, SMCSO had no significant effect on ATP
production in basal (5.5 mM, Figure 2.10A), intermediate (10 mM, Figure 2.10B) or
high (25 mM, Figure 2.10C) glucose environments, or on maximal respiration in
basal (5.5 mM, Figure 2.10D), intermediate (10 mM, Figure 2.10E) or high (25 mM,

Figure 2.10F) glucose environments.

(A) 45 B) 45 (C) i,
£ £ s 157 [
s 2 ns 5 2 — = T '|'
5% 5% £
85104 I | 3 5 1.01 T T S < T
.g ) T T .g o) T B E_ 1.0
83 T 83 L S
a= a= 23
o E 0.5 o E 0.5 & £
[<] [<] £ |
<g < g o £ o5
g g < 2
0.0 T I 0.0 T T o
({éo\ 0530 &‘o\ o,,:o 0.0 L c;
® \&%\!\ ) @\G}g\ 660 &
o o @ \‘p“‘
S Y o
RS
(D) (E) (F)
2.5 2.5 2.5 ns
ctc c E c E I I
23 2.0 .%g 2.0 ns %g 2.0-
5 o e 2, | 5 S,
@ o 1.5 = T ool
g2 | g2 T g2 |
£Z .0 I I =< 1.0 1 T == 1.0
== .. - 04 - 04
=1 F -
% 2 054 3 E 0.5 s £ 0.5
g2 0s H EH
0.0 T T 0.0 T T 0.0 T
o [s) @\ 90 O ‘90
& & &
o &) 9 \,‘\"o (¢ \}5
& o¥ o¥
> N K

Figure 2.10. Assessment of ATP production and maximal respiration from 100 pM SMCSO
exposure. Briefly, the cells were cultured for 24-hours and a treated for a further 24-hours with
vehicle or 100 pM SMCSO under glucose concentrations of (A and D) basal, 5.5 mM, (B and E)
intermediate, 10 mM, or (C and F) high 25 mM before the cell mitochondrial stress test was used on
the Seahorse XFp Bioanalyser. SMCSO exposure for 24 hours had no effect on ATP production (A-
C) or maximum respiration (D-F) in DU145 cells. n.s. = not significant.
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2.4.7 Ten micromolar MMTSO exposure for 24-hours reduced mitochondrial
metabolism under high glucose environment

To further assess the effect of non-glucosinolate sulfur metabolites on prostate
mitochondrial metabolism, MMTSO was investigated using the Seahorse XFp
Bioanalyser. To date, no previous human study has investigated the physiological
concentration of MMTSO. For experiments with MMTSO, 10 pM and 100 pM

concentrations were selected.

As described above, DU145 cells were cultured for 24 hours allowing adherence
and treated for a further 24 hours with either the vehicle (water) or 10 uM in three
glucose environments: basal (5.5 mM, Figure 2.11A), intermediate (10 mM, Figure
2.11B) or high (25 mM, Figure 2.11C) before the cell mitochondrial stress test was
used. Ten micromolar MMTSO, compared to the control, did not affect
mitochondrial metabolism in basal and intermediate glucose environments (Figure
2.11A and 2.11B), but reduced mitochondrial metabolism in high glucose

environment (red line in Figure 2.11C).
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Figure 2.11. Mitochondrial stress tests with 10 pM MMTSO treatment. Briefly, the cells were
cultured for 24-hours and a treated for a further 24-hours with vehicle, or 10 pM MMTSO under
glucose concentrations of (A) basal, 5.5 mM, (B) intermediate, 10 mM, or (C) high, 25 mM, before
the cell mitochondrial stress test was used on the Seahorse XFp Bioanalyser. MMTSO under high
glucose environment reduced mitochondrial metabolism. n.s. = not significant; * = p < 0.1; * = p <
0.01; **** = p < 0.0001.
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2.4.8 Ten micromolar MMTSO exposure for 24-hours reduced ATP
production and maximal respiration in high glucose environment

To further assess the effect of MMTSO on prostate energy metabolism, ATP
production and maximal respiration were assessed using the Seahorse XFp
Bioanalyser, as previously described in section 2.4.6. Compared to the control, 10
MM MMTSO had no effect on ATP production or maximal respiration in basal (5.5
mM, Figure 2.12A and 2.12D) and intermediate (10 mM, Figure 2.12B and 2.12E)
but reduced ATP production and maximal respiration in high (25 mM, Figure 2.12C

and 2.12F) glucose environment.

(A) (B) (©) ns
2.0~ 2.0 2.0
£ ns = £ '[
Q
§§ 15 | | §8 15- 5% 15
52 | §s g |l
=) + o ns o
B = 1.0 g1y B = 1.0 T
£E | &£ &£ T
2 s st d A E 2 s
S 0.5- S 0.5- S 0.5-
" “§ ‘&
& 0 & 0 > O
& & & & & &
S SR SR
R N ¥
(D) () (F)
ns
4- 4 4-
cT cT T
Sg ST S g
B3 ns B 2T B9 -[
3 2 | ¢ 2 82,
= 24 T = 24 r =2
= 5= - TE T
© = T E g
EE T EE ] ES T
% O 14 x O 1 - T % O 1
§g 25 M =8
0 I I 0 I I 0 I I
i (o) N o
&L & &L ) & 9
& & & & & S
° “\@\“ ° \&\“‘ ° é\@
o D %

Figure 2.12. Assessment of ATP production and maximal respiration from 10 uyM MMTSO
exposure. Briefly, the cells were cultured for 24-hours and a treated for a further 24-hours with
vehicle or 10 pM MMTSO under glucose concentrations of (A and D) basal, 5.5 mM, (B and E)
intermediate, 10 mM, or (C and F) high 25 mM before the cell mitochondrial stress test was used on
the Seahorse XFp Bioanalyser. MMTSO exposure for 24 hours reduced ATP production (A-C) and
maximal respiration (D-F) in high glucose environment, although not significant. n.s. = not significant.
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2.4.9 One hundred micromolar MMTSO exposure for 24-hours reduced
mitochondrial metabolism in all glucose environments

To further assess the effect of non-glucosinolate sulfur metabolites on prostate
mitochondrial metabolism, 100 uM MMTSO was investigated using the Seahorse
XFp Bioanalyser. Briefly, the DU145 cells were cultured for 24-hours and a treated
for a further 24-hours with vehicle or 100 pM MMTSO under glucose
concentrations of basal (5.5 mM, Figure 2.13A), intermediate (10 mM, Figure
2.13B), or high (25 mM, Figure 2.13C), before the cell mitochondrial stress test
was used. MMTSO exposure at 100uM for 24 hours reduced mitochondrial

metabolism in all glucose environments (red lines in Figure 2.13).
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Figure 2.13. Mitochondrial stress tests with 100 uM MMTSO treatments. Briefly, the cells were
cultured for 24-hours and a treated for a further 24-hours with vehicle or 100 pM MMTSO under
glucose concentrations of (A) basal, 5.5 mM, (B) intermediate, 10 mM, or (C) high 25 mM before the
cell mitochondrial stress test was used on the Seahorse XFp Bioanalyser. MMTSO exposure reduced
mitochondrial metabolism. * =p < 0.1, ** = p < 0.01.

47



Chapter Two

2.4.10 One hundred micromolar MMTSO exposure for 24-hours significantly
reduced ATP production and maximal respiration in all glucose levels

To further assess the effect of MMTSO on prostate energy metabolism, ATP
production and maximal respiration were assessed using the Seahorse XFp
Bioanalyser, as previously described in section 2.4.6. Compared to the control, 100
HUM MMTSO significantly reduced ATP production and maximal respiration in all
glucose environments (Figure 2.14A — 2.14F); with a 2-fold decrease in ATP
production and maximal respiration in the high glucose environment (Figure 2.14C

and 2.14F respectively).
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Figure 2.14. Assessment of ATP production and maximal respiration from 100 pM MMTSO
exposure. Briefly, the cells were cultured for 24-hours and a treated for a further 24-hours with
vehicle or 100 pM MMTSO under glucose concentrations of (A and D) basal, 5.5 mM, (B and E)
intermediate, 10 mM, or (C and F) high 25 mM before the cell mitochondrial stress test was used on
the Seahorse XFp Bioanalyser. 100 pM MMTSO caused significant reduction in ATP production (A-
C) and maximal respiration (D-F) in DU145 cells. * = p < 0.1, ** = p < 0.01.
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2.4.11 Combination of SMCSO and MMTSO both at 100 uM for 24-hours
significantly reduced mitochondrial metabolism

To further evaluate the effect of sulfur-metabolites on prostate metabolism, the
combination of SMCSO and MMTSO was assessed using the Seahorse XFp
Bioanalyser, mimicking the environment if SMCSO and MMTSO were both
present. Briefly, the DU145 cells were cultured for 24-hours and a treated for a
further 24-hours with vehicle, 100 pM SMCSO and 10 uM MMTSO (Figure 2.15A
and 15B) or 100 pM SMCSO and 100 uM MMTSO (Figure 2.15C and 2.15D) under
either basal (5.5 mM) or high (25 mM) glucose environments, before the cell
mitochondrial stress test was used. SMCSO (100 uM) and MMTSO (10 pM)
combined elicited no significant effect (Figure 2.15A and 2.15B). The combination
of SMCSO (100 pM) and MMTSO (100 pM) significantly reduced mitochondrial
metabolism in both basal and high glucose environments (red lines in Figure 2.15C
and 2.15D), where the compounds combined gave a much greater reduction

compared to MMTSO alone suggesting a potential synergistic effect.
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Figure 2.15. Mitochondrial stress tests with SMCSO and MMTSO combination treatments.
Briefly, the cells were cultured for 24-hours and a treated for a further 24-hours with vehicle or 100
UM SMCSO + 10 uM MMTSO, or 100 pM SMCSO + 100 uM MMTSO under glucose concentrations
of (A and B) basal, 5.5 mM, or (C and D) high 25 mM before the cell mitochondrial stress test was
used on the Seahorse XFp Bioanalyser. SMCSO and MMTSO combined both at 100 uM exposure
reduced mitochondrial metabolism; when MMTSO reduced 10-fold to 10 pM elicited no significant
difference compared to control. n.s. = not significant, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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2.4.12 Combination of SMCSO and MMTSO both at 100 uM for 24-hours
significantly reduced ATP production and maximal respiration

To further consider the effect of MMTSO on prostate energy metabolism, ATP
production and maximal respiration were assessed using the Seahorse XFp
Bioanalyser, as previously described in section 2.4.6. Compared to the control, the
combination of SMCSO (100 puM) and MMTSO (100 uM) significantly reduced ATP
production and maximal respiration in basal and high glucose environments

(Figure 2.16); more so in the high glucose environment (Figure 2.16B and 2.16D).
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Figure 2.16. Assessment of ATP production and maximal respiration from SMCSO and
MMTSO combination treatments. Briefly, the cells were cultured for 24-hours and a treated for a
further 24-hours with vehicle or 100 uM SMCSO + 100 uM MMTSO under glucose concentrations of
(A and C) basal, 5.5 mM, or (B and D) high, 25 mM before the cell mitochondrial stress test was used
on the Seahorse XFp Bioanalyser. Combination of 100 pM SMCSO and 100 pM MMTSO caused
significant reduction in ATP production (A-B) and maximal respiration (C-D) in DU145 cells. * = p <
0.1, *=p<0.01, ** =p <0.001, *** =p < 0.0001.
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2.4.13 MMTSO reduced mitochondrial ATP and percentage oxidative
phosphorylation in a dose-dependent manner

To further consider the effect of MMTSO on prostate metabolism, total ATP
production (sum of glycolytic ATP and mitochondrial ATP) and oxidative
phosphorylation (%) were assessed using the Seahorse XFe96 Bioanalyser.
Briefly, DU145 cells were cultured for 24-hours and a treated for a further 24-hours
with vehicle, or 20, 40, 60, 80 or 100 uM MMTSO under basal 5.5 mM or high 25
mM glucose, before the real-time ATP test was used on the Seahorse XFe96
Bioanalyser. There is a reduction in OCR kinetic profile, following 100 pM MMTSO
treatment compared to the control in both basal and high glucose environment
(Figure 2.17). MMTSO had no significant effect on total ATP over all concentrations
(Figure 2.18A), and on glycolytic ATP at 100 uM MMTSO in basal and high glucose
(Figure 2.18B). however, did significantly reduce mitochondrial ATP at 100 uM
MMTSO in the high glucose environment, Figure 2.18C (ii). MMTSO also reduced
the percentage of oxidative phosphorylation in a dose-dependent manner in basal

and high glucose (Figure 2.18D).
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Figure 2.17. Real-time ATP kinetic profile with MMTSO treatments. Briefly, the cells were cultured
for 24-hours and a treated for a further 24-hours with vehicle, or MMTSO under basal 5.5 mM and
high 25 mM glucose, before the real-time ATP test was used on the Seahorse XFe96 Bioanalyser.
Following MMTSO treatment, there is a reduction in the kinetic profile in both the basal (red line) and
high glucose (pink line) in comparison to the controls (blue line and green line respectively). Black
significant values correspond to the comparison with control and 100 pM MMTSO in basal glucose;
the light blue significant values correspond to the comparison with control and 100 pM MMTSO in
high glucose. n.s. = not significant, * = p < 0.1, ** = p < 0.01.
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Figure 2.18. Real-time ATP test with MMTSO treatments. Briefly, the cells were cultured for 24-
hours and a treated for a further 24-hours with vehicle, or MMTSO under basal 5.5 mM and high 25
mM glucose, before the real-time ATP test was used on the Seahorse XFe96 Bioanalyser. (A) Total
ATP in (i) basal and (ii) high glucose, (B) Glycolytic ATP in (i) basal and (ii) high glucose, (C)
Mitochondrial ATP in (i) basal and (ii) high glucose, (D) % oxidative phosphorylation in (i) basal and
(ii) high glucose. Following 100 pM MMTSO treatment, there is a reduction in mitochondrial ATP and
% oxidative phosphorylation compared to control. n.s. = not significant, * = p < 0.1, **** = p < 0.0001.
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2.4.14 SMCSO and MMTSO reduced glycolysis under high glucose
environment

To consider other metabolic pathways such as glycolysis on prostate metabolism,
the glyco stress test was employed using the Seahorse XFp Bioanalyser. Briefly,
DU145 cells were cultured for 24-hours and a treated for a further 24-hours with
vehicle, or 100 pM SMCSO (Figure 2.19A), or 100 pM MMTSO (Figure 2.19B)
under high 25 mM glucose environment, before the glycolysis stress test was used
on the Seahorse XFp Bioanalyser. SMCSO and MMTSO exposure reduced
glycolysis of DU145 cells compared to control, although only significant at 54
minutes in MMTSO treatment (Figure 2.19).
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Figure 2.19. Glycolysis stress tests with SMCSO and MMTSO treatments. Briefly, the cells were
cultured for 24-hours and a treated for a further 24-hours with vehicle, or 100 yM SMCSO or 100 pM
MMTSO under high 25 mM glucose, before the glycolysis stress test was used on the Seahorse XFp
Bioanalyser. SMCSO (A) and MMTSO (B) exposure reduced glycolytic ability, although only
significant at 54 minutes in MMTSO treatment. n.s. = not significant, * = p < 0.1.
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2.4.15 MMTSO increased fatty acid dependency but not glutamine or glucose
dependency compared to control

To further consider other metabolic pathways such as glutamine and fatty acid
metabolism, the mito fuel flex kit was utilised using the Seahorse XFe96
Bioanalyser. Briefly, DU145 cells were cultured for 24-hours and a treated for a
further 24-hours with vehicle, or 100 pM MMTSO under basal 5.5 mM glucose,
before the mito fuel flex test was used on the Seahorse XFe96 Bioanalyser. The
measurement of cells’ reliance on glutamine, fatty acid or glucose pathways to
maintain baseline respiration (dependency) was assessed. Following 100 pM
MMTSO treatment, there was a reduction in OCR kinetic profile in glutamine
(Figure 2.20A), fatty acid (Figure 2.20B) and glucose (Figure 2.20C) pathways,
compared to the control. There is no difference with glutamine and glucose
dependency (Figure 2.20D and 2.20F respectively), however, there is an increased
dependency with fatty acid pathway to maintain baseline respiration following
MMTSO treatment (Figure 2.20E).
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Figure 2.20. Mito fuel flex tests with MMTSO treatments. Briefly, the cells were cultured for 24-
hours and a treated for a further 24-hours with vehicle, or 100 pM MMTSO under basal 5.5 mM
glucose, before the mito fuel flex was used on the Seahorse XFp Bioanalyser. Kinetic profile and %
dependency of (A and D) glutamine, (B and E) fatty acid, (C and F) glucose. MMTSO compared to
control, leads to increased dependency with fatty acid pathway. n.s. = not significant, * = p < 0.1.
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2.5 Discussion

Whilst epidemiological studies have indicated a negative association between
consumption of cruciferous vegetables and cancer metabolism (85, 86, 91, 170-
172), much of this evidence has focused on sulforaphane, with very little evidence
of the potential molecular effects of S-methyl cysteine sulfoxide (SMCSO) and its
metabolite S-methyl methanethiosulfonate (MMTSO). Here, SMCSO and MMTSO
were administered to DU145 prostate cancer cells to evaluate the molecular effects

of these bioactive compounds on prostate cancer energy metabolism.

With limited molecular research, careful consideration was taken with the design
of the in vitro experiments, especially concerning the concentrations of the
compounds. Due to the location of the prostate and potential exposure from urinary
reflux, urine concentration could be the most appropriate approximation for
physiological concentration of SMCSO and MMTSO (155). Regarding SMCSO, a
previous dietary intervention involving consumption of broccoli soups, was
reported in urine up to concentrations ~100 uM and due to potential urinary reflux
of SMCSO to the prostate (25), treatment of 100 pM SMCSO was selected.
Regarding MMTSO, despite the ongoing development of detection methods for
bioactive compounds, there is currently no published quantification method for
MMTSO, and so it has not been measured in urine, plasma or tissue samples.
Thus, the physiologically relevant concentration of MMTSO remains speculative,
and concentrations used within this chapter (10 uM and 100 uM) did not affect cell

viability and allow for proof-of principle analysis of the metabolite.

Another consideration to experimental design concerned the glucose environment
of cultured cells. Since high glucose supports tumour progression through
increased cell proliferation, promotes inflammation and increased oxidative stress
(133), increasing levels of glucose concentration were explored in combination with
the sulfur compounds: basal (5.5 mM), intermediate (10 mM) and high (25 mM).
Pharmacokinetic analysis reported SMCSO concentration peaked in plasma at 1.5
hours post broccoli soup consumption (99). A similar peak is seen in postprandial
glucose spike after a meal (173), thus combining the sulfur metabolites and
different glucose environments could be physiologically relevant in a normal dietary

response to consumption of a meal with cruciferous vegetables.
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Cell viability assessment was conducted to select a non-toxic and potentially
physiologically relevant concentration for further mitochondrial energy
assessment. From this assessment, there was no effect of SMCSO on WST-1
assay or on percentage of live cells, however MMTSO elicited a significant
decrease at doses over 250 uM in the basal and intermediate glucose and over
175 pM in the high glucose environment. We could hypothesise that SMCSO may
not demonstrate bioactivity on its own and it is the breakdown compound of
SMCSO, MMTSO, that elicits the effect. This hypothesis has been suggested
previously within published literature (117, 123). Assessment of mitochondrial
metabolism between normal PNT1A cells and cancer DU145 cells reported higher
OCR for DU145 cells compared to PNT1A, similar studies have reported this
increased energy turnover of cancerous cells (77). There is emerging evidence
that mitochondria play a key role in tumour progression, cell proliferation, and
metastatic ability of prostate cancer (77, 174). With mitochondrial stress testing,
MMTSO at 100 pM, not SMCSO, significantly reduced mitochondrial metabolism,
particularly in the high glucose environment (2-fold decrease compared to control).
This reduction could be explained as thiosulfonic compounds (like MMTSO) have
been shown to bind strongly and selectively to STAT3-SH2 domain and showed
modest antiproliferative and cytotoxic effect on the colon cancer cell line, HCT-116
(175). Thus, suggesting the STAT3-SH2 interaction with MMTSO, associated with
mitochondrial pyruvate metabolism and activation of target genes (175, 176), leads
to the reduced mitochondrial function, reduced cell proliferation and increased

apoptosis.

From assessment of metabolic pathways, MMTSO not SMCSO reduced
mitochondrial ATP, percentage of oxidative phosphorylation, reduced glycolysis in
the high glucose environment, suggesting MMTSO is reducing the metabolic
capacity of the DU145 prostate cancer cells leading to potential metabolism
reprogramming. The evidence observed with SMCSO is in agreement with one
cell-based study that also demonstrated SMCSO treatment led to no significant
changes to mitochondrial or glycolytic function in prostate cancer cell lines (124).
Different outcomes were demonstrated when different cell lines were used. For
example, another cell based study demonstrated that exposure of MMTSO to
human liver cancer cells (HepG2) decreased mitochondrial potential (123). These
studies and the evidence presented in this chapter demonstrate MMTSO

modulates energy metabolism in prostate cancer cells.
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Previous studies have indicated that inhibition of mitochondria ATP synthase leads
to reduced prostate cancer growth in prostate stromal cells (174), thus further
investigation of whether MMTSO is acting on specific proteins is warranted. Whilst
there is limited existing evidence of the biological activity of SMCSO and MMTSO,
these were not specific to prostate cancer and much of this research focused on
antidiabetic effects in rats (129-131, 142) and MMTSO as a potential
chemopreventative agent in human liver tumours in rats (128). This is the first
evidence that the metabolite of SMCSO, MMTSO, could have biological activity
and demonstrate a dynamic shift in mitochondrial metabolism in DU145 prostate
cancer cells. This is explored further at a gene and metabolite level in Chapter 3
and 4.

An increased dependency of fatty acid metabolism in DU145 prostate cancer cells
following MMTSO treatment was observed. With the unique prostate cancer
metabolism, it is able to utilise more fatty acids via beta-oxidation to feed into the
TCA cycle to produce more ATP in order to meet the high energy demands (36),
and fatty acids are commonly upregulated in prostate cancer (164). Thus,
suggesting that in the presence of MMTSO, the DU145 cells become more
dependent on fatty acid regulation to maintain baseline respiration. Although
limited to in vitro analysis, this chapter investigated potential fundamental and

molecular effects these compounds may have in vivo.

Thiosulphinates isolated from the garlic chive, including S-methyl
methanethiosulfinate (MMTSI, the precursor compound before disproportionation
to MMTSO), reported to have promising inhibitory effects on proliferation of human
prostate and colon cancer cell lines through both caspase-dependent and caspase
independent apoptosis pathways (120-122). Interestingly, allicin another
organosulfur compound with a similar structure to MMTSO exhibited inhibition of
MMP-2 and MMP-9 expression leading to inhibition of cell proliferation and induced
apoptosis (177). These studies provide evidence that similar compounds to
MMTSO act on pathways relating to cell proliferation and apoptosis, suggesting

MMTSO could also have similar properties and further studies are warranted.

Seahorse Bioanalysers and standardised kits offer key advantages for
understanding of how dietary compounds influence metabolic analysis in real-time,
live cell metabolism. The Seahorse XFp and XFe96 Bioanalysers were both used
in this chapter (166-169). A major limitation of the XFp is the limited number of

wells in the cell culture miniplate; out of the 8 wells in total, 2 are used for
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background, allowing for comparison of one control and one treatment in
triplicates. Whereas a major benefit of using the XFe96, allows for multiple
comparisons on the same plate with more replicates; out of 96 wells in total, 4 are
used for background, leaving 92-wells. One major benefit of using XFp, is that
optimisation of certain compounds used such as fCCP, or cell number seeding
would be more cost-effective on this machine, rather than running a full XFe96
plate that could be quite costly. Overall, it is beneficial to have the use of both
machines as this allows for cost-effective optimisation and assessment of a single
treatment on the Seahorse XFp; and more in-depth analysis of metabolic pathways
with more compounds or more concentrations of one compound on the Seahorse
XFe96.
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2.6 Conclusion

This chapter gives a valuable insight into the molecular effects of SMCSO and
MMTSO on prostate cancer metabolism, highlighting MMTSO (100 pM), not
SMCSO (100 uM), significantly reduced mitochondrial metabolism, mitochondrial
ATP and glycolytic rate, and increased fatty acid dependency, particularly in the
high glucose environment, after a 24-hour treatment in DU145 prostate cancer cell
line. The Seahorse Bioanalysers are useful for understanding of dietary metabolite
and real-time metabolism interaction in prostate cancer cells. The Seahorse XFe96
has a major advantage over the XFp for increased number of wells (92 to 6)
allowing for comparison of many treatments. Further work is needed to put context
into these findings with transcriptomic and metabolomic profiling, to give a wider

view of how these dietary compounds act within the cell.
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Chapter Three: Effects of SMCSO and MMTSO on global
gene expression profiles of prostate cancer cells

3.1 Introduction

The data presented in Chapter 2 provides the first direct evidence that the SMCSO
metabolite MMTSO has potentially important biological activity; MMTSO, not
SMCSO, elicited mitochondrial and metabolic effects in cultured DU145 prostate
cancer cultured cells. This Chapter builds on the evidence presented in Chapter 2
and explores the role of SMCSO and MMTSO on gene expression profiles and key

pathways in DU145 prostate cancer cells using next generation RNA-sequencing.

Over the last several decades, the use of omics approaches have made significant
progress, for example in the ease with which omics approaches can be done, the
quality of the generated data, and in terms of the costs. RNA-sequencing has
become the dominant tool for transcriptome profiling especially within cancer
research (178). The use of RNA-sequencing in cancer research has wider
implications, not only giving evidence on differential gene expression analysis but
also in detection of cancer biomarkers and therapeutic targets (178). For example,
a potential prostate-specific biomarker, the androgen-reduced long noncoding
RNA, PSLNR, was identified by RNA-sequencing (179).

The impact of sulfur-containing compounds on global gene expression of human
cells has been reported across numerous cell lines including breast, colorectal and
prostate (180-183), and also in tissues (24, 146, 184). These reports describe
altered gene expression in cells and tissues exposed to sulforaphane and
demonstrated that sulforaphane regulated genes involved in oxidative stress
responses, metabolic processes and apoptosis (24, 146, 180-184). One recent
human study (the ESCAPE study) investigated the effect of glucoraphanin on the
transcriptomic profile of human prostate biopsies of men on active surveillance
following a one-a-week broccoli soup consumption with increasing levels of
glucoraphanin (low, intermediate and high) for 12-months (24). The authors used
RNA-sequencing with prostate biopsies, and reported a significant suppression of
cancer-related pathways including apoptosis, inflammatory response, and
angiogenesis, and these changes were dose-dependent in line with the
glucoraphanin content of the broccoli (24). A more recent human study (the Norfolk
ADAPT study) provided evidence that the sulfur-metabolites, sulforaphane and

alliin, were detected in prostate biopsies (26), and it was shown separately that
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both metabolites altered the transcriptional pathways associated with prostate
cancer and immune regulation (185). Interestingly, the SAP study reported that
SMCSO was detected in the prostate tissue for both control and supplemented
groups, and postulated that it may have come from the background western diet
(25). To date there are limited published reports concerned with the potential
biological activities of SMCSO and its major human metabolite MMTSO, on

cancerous prostate cells, particularly for MMTSO.

There is one published report concerned with the possible effect of SMCSO on
gene expression (186). The study reported that SMCSO did not affect the
expression of genes that are induced by Nrf-2 in human liver cancer cells (HepG2)
or mouse primary hepatocytes (186). There are currently no published reports of
studies aimed to explore whether or not SMCSO or its metabolite, MMTSO, affect
global gene expression in cancerous prostate cells which have a distinct metabolic
phenotype compared to non-cancerous prostate cells. However, there is some
evidence from in vitro studies that suggest they could influence transcription
factors. Thiosulfonic derivates including MMTSO were able to interact with key
transcription factor STAT3, bind strongly to the STAT3-SH2 domain, and cause
cytotoxicity in cultured HCT-116 colon cancer cells (175), and it would seem likely
that these effects would be associated with at least some changes in gene
expression. A report of an in vitro study that investigated the effect of SMCSO and
its metabolites on the transcriptomic profile of PNT1A (normal prostate epithelial
cells), provided evidence that SMCSO and MMTSO treatments caused
transcriptional changes in PNT1A cells, although only a small number of changes
were significant (SMCSO treatment, 14 upregulated and 19 downregulated genes;
MMTSO treatment, 9 upregulated and 7 downregulated genes) (123). The 33
genes differentially expressed in PNT1A cells in response to SMCSO treatment
were further assessed by the authors using database and gene ontology analysis
and this identified cellular response to oxidative stress and cellular response to
oxidation-reduction processes as significantly altered processes (123). Despite this
evidence, the transcriptomic effect of SMCSO and its metabolite MMTSO has not

been explored in prostate cancer cells.

Use of RNA-sequencing to investigate difference between normal and cancerous
prostate tissue has identified a huge number of mutations in tumours that are
associated with and are likely the cause of the uncontrolled gene expression (187).

Of particular interest were mutations in and dysregulation of the phosphatase and
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tensin homolog gene (PTEN). PTEN, a tumour suppressor gene located on
chromosome 10qg23, is the most frequent deleted or mutated gene found present
in prostate cancer cases (188). Interestingly deletion at the 10923 locus is the most
common form of PTEN inactivation (189), leading to the hyperactivation of the
PI3K/AKT/mTORCL1 signalling pathway and promoting cancer proliferation (190).
Recent in vitro studies reported sulforaphane (2 and 5 uM) and SMCSO (20, 50
and 100 uM) pre-treatment prior to hydrogen peroxide exposure did not protect
PTEN redox status against oxidative stress, nor significantly change mitochondrial
reactive oxygen species (ROS) production in PNT1A cells (124). These data
suggest evidence of no significance of a protective or antioxidative effect from
SMCSO in normal prostate epithelial cells. However, no studies have reported on
prostate cancer cell lines, and there are no reports of the effects of MMTSO. Since
it has been shown that MMTSO (but not SMCSO) has the capacity to alkylate thiols
(191-193), it increases the likelihood that MMTSO may have specific effects on
cellular antioxidant networks and oxidative stress, and further justifies the need for
studies of the effects of MMTSO on gene expression and other important cellular

processes.
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3.2 Aims

The overall aim was to explore the effects of sulfur-containing compounds SMCSO
and MMTSO on the transcriptomic profile of human prostate cancer cells:

e To quantify the effects of SMCSO and MMTSO treatments on the global
transcriptional profile of DU145 prostate cancer cells in different glucose
conditions.

e To determine the effects of SMCSO and MMTSO treatments and glucose
conditions on cellular and metabolic pathways by interrogating the
transcription profiling data with the Hallmark database.

e To assess the interplay between glucose environment and responses of
DU145 human prostate cancer cells to SMCSO and MMTSO treatments.
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3.3 Materials and Methods
3.3.1 Cell Treatments

DU145 cells were cultured in standard conditions for 48-hours to allow for
adherence and growth to 70-80 % confluency. Once the cells reached the required
confluency, the appropriate treatment or vehicle control was added (previously
described in 2.3.1 and 2.3.2, Chapter 2). The appropriate treatment or vehicle
control were added in replicates of five diluted in cell culture medium either under
basal glucose environment of 5.5 mM, or high glucose environment of 25 mM for
a further 4-hour or 24-hour incubation, Figure 3.1.

BASAL GLUCOSE HIGH GLUCOSE

00000
00000
00000
00000
BASAL GLUCOSE HIGH GLUCOSE
00000 00000
#0r @P OO OO0 00000

Figure 3.1. Treatment template for transcriptomic analysis. Briefly, cells were cultured for 48-
hours under standard conditions before a further 4-hour or 24-hour incubation with the vehicle control
(water, brown circles), or appropriate treatment: 100 pM SMCSO (olive circles), 100 pM MMTSO
(dark green circles) or 100 uM SMCSO + 100 pM MMTSO (blue circles) in replicates of five.

Vehicle control

100 pM SMCSO

100 uM MMTSO
SMCSO and MMTSO

3.3.2 RNA extraction from DU145 cells

The treatment medium was removed from the DU145 cells, and 700 pul of QIAzol
lysis reagent (Qiagen) was added to each well. Each well was scraped with a cell
scraper and the cell lysate transferred to an RNAse free Eppendorf tube. All tubes
were stored at -80 °C until the day of extraction. Total RNA was extracted from all
samples on the same day using Qiagen RNeasy mini kit and QIAzol extraction
protocol according to the manufacturer’s instructions. Total RNA concentration and
quality was assessed using Nanodrop™ spectrophotometer (ThermoFisher®) to
determine the RNA yield and 260/280 ratio. All samples were stored at -80 °C until

day of submission.
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3.3.3 RNA-Sequencing of DU145 cells

The prepared samples were sent to Macrogen Europe. Once at the facility, the
samples were checked for quality and quantity with only suitably high quality RNA
samples sent for sequencing i.e. only samples with an RNA integrity number (RIN)
value of > 7 and quantity of 1 ug were carried forward for sequencing. All eighty
samples were sent for TruSeq Stranded mRNA Library Preparation poly(A)
selection sequencing, performed on an Illumina NovaSeq 2x using 150 base

paired-end reads generating 30 million paired-end reads per sample.
3.3.4 Data Processing and Filtering

The data processing was performed with support from QIB bioinformation Dr. Perla
Rey following the protocol for the ‘New Tuxedo’ (194) and using the high
performance computing environment (195), that provided tools for alignment of
reads to the reference genome, assembly of transcripts and quantification of gene

expression.

The RNA-Sequencing analysis comprised of three main processes: (I) processing
the raw RNA-sequencing reads to give an approximation of gene counts, (Il)
relative analysis of the gene counts to give quantification of the differentially
expressed genes, and (lll) functional analysis using gene set enrichment analysis

of the differentially expressed genes, Figure 3.2.

The first process involved the raw reads being assessed for quality using FASTQC
(version 0.11.9) before removal of adapter sequences, low quality reads <30, and
reads shorter than 60 bp using FASTP (version 0.23.1). The high-quality reads
were mapped to the human reference genome using HISAT2, (version 2.1.0), and
further assembled into full length transcripts using StringTie (version 1.2.2), to
estimate the expression levels of all known genes. After the initial assembly, the
transcripts were merged to create a set of transcripts for all samples, and these
were compared to the reference human annotation using gffcompare (version
0.9.8). The merged transcripts were used to create gene counts for further
analyses. In the second process, the gene counts were scale transformed, further
filtered for outliers and low expressed genes were removed. This reduced the
memory size of the data and increased the speed of the subsequent analysis. The
gene counts were taken for analysis of differential gene expression using R Studio
(version 4.2.1), and the DESeq2 package (version 1.24.0) (196). The gene

expression data contained 60,617 genes, which included all genes in the assembly
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such as protein coding genes and non-coding genes. A filter was applied to keep
only genes with a minimum of 10 counts for at least 5 samples. In the final process,
the differentially expressed genes were ranked and taken forward for gene set

enrichment analysis (GSEA) of enriched pathways.

The workflow

Part |
Quality Control X Assembly of o
FASTQC :?lllgzment of Reads to alignments into full lQuatnhn{lcatlonl otf full
e human genome - ength transcripts
Remove adaptor seqs length transcripts -
and low reads > HISAT2 —| StringTie — | StringTie —
FASTP
Raw RNA-seq Reads Pre-processing Alignment Assembly Quantification Gene Counts
Part Il
Scale Transformation Normalisation Unsupervised Differential
— —»| ——| Clustering 5 | Expression —
Filtering DESeq2 DESeq2 DESeq2
Gene Counts
Processing Normalisation Clustering Design Matrix Differentially

Expressed
Genes

Part Il

Gene Set Enrichment

—> —»| Analysis —>
GSEA
Hallmark, MSigDB

Differentially Ranked Functional Analysis Enriched

Expressed Gene Lists Pathways
Genes

Figure 3.2. The workflow used for RNA-Sequencing data analysis. Briefly, Part | allowed the
assessment of gene counts from the raw RNA-sequencing reads, Part Il generated the differentially
expressed genes from the gene counts, Part Il produced enriched pathway analysis from the
differentially expressed genes.

3.3.5 Exploratory Analysis of Gene Expression

To visualise similarities and differences between samples, principal component
analysis (PCA) and Poisson plots were used. For the PCA plots, each data point
represented the expression profile of each sample examined onto the first few
components to visualise distribution between samples in an unsupervised manner
using VST transformed data (197). Poisson plots allowed for visual distances
between samples, taking the raw gene counts and measuring the dissimilarity
between the samples. The Poisson dissimilarity matrix is calculated using the

Poisson Distance function from the library PoiClaClu version 1.0.2.1 (198).
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3.3.6 Differential Gene Expression Analysis

Differential expression analysis, using DESeq2, used the input of unnormalised
gene expression data where each point indicated the number of reads mapped to
a gene in each sample (196). Each time point was inputted separately to test for
the main effect of the treatments SMCSO and MMTSO on transcriptional profiles.

The Wald test was used to estimate differentially expressed genes between the
individual treatment groups (SMCSO, MMTSO) with the design: = ~treatA + treatB,
where ~treatA specified the effect of MMTSO, comparing samples treated with
MMTSO vs. non-MMTSO, and treatB specified the effect of SMCSO, comparing
samples treated with SMCSO vs. non-SMCSO. The Likelihood Ratio Test was
used to estimate the differentially expressed genes between SMCSO and MMTSO
and to assess any significant interactions between SMCSO and MMTSO with the
design = ~treatA + treatB + treatA:treatB. SMCSO and MMTSO in combination
increased the power of the study and allowed for treatment vs. non-treatment
comparison. The statistically significant genes were corrected for multiple testing
and for false discovery rates through the Benjamini Hochberg correction.

The differential expression analysis generated log, fold change (Log.FC) values to
visualise fold changes and assess the degree of gene expression changes of
treatment groups. A negative Log.FC value demonstrated a gene downregulated
by the treatment; a positive value demonstrated a gene upregulated by the
treatment. This data was used to generate mean average (MA) plots. Briefly, the
MA plots are scatter plots that plot log fold change on vertical axis and log of the
mean of normalised expression counts of all samples on the horizontal axis. They
allowed the visualisation, identification and degree of gene expression changes.
Genes with no significant difference in expression clustered around the 0 value,
genes with significant difference clustered away from the 0 value and indicate the
degree of genes downregulated (below 0) or upregulated (above 0) from the

treatment.
3.3.7 Functional Gene Expression Analysis

The functional analysis of differential gene expression was conducted. The
differential gene expression data were ranked using the rank-rank geometric
overlap algorithm to attain a rank metric score for each gene (199). The genes
were ranked from taking the log fold change multiplied by the log10-transformed

p-value. The ranked genes inputted into gene set enrichment analysis (GSEA)
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software (version 4.2.3) (200), using the Hallmark gene set collections (version
2022) within the Molecular Signature Database (MSigDB) (201). GSEA generated
normalised enrichment scores (NES) for each pathway; the NES reported the
distribution of gene ontology across the ranked genes. The Hallmark database was
selected as it represents well known biological pathways influenced in cancer.
Statistical significance was defined as FDR-adjusted p-value (adj. p-value) of <

0.05, according to the Benjamini-Hochberg correction.
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3.4 Results
3.4.1 Quality Control Statistics of RNA-sequencing reads

The RNA-sequencing reads were filtered, processed and aligned to the human
reference genome before further subsequent analysis was conducted. This
indicated good quality and alignment to the reference genome. Summary of
percentage passed filter and overall alignment at 4-hour and 24-hour time points

is shown in Figure 3.3.

4h 24h

L ]
PercPassedFilter Overallalignment PercPassedFilter OverallAlignment
Figure 3.3: Quality Control Statistics. Briefly, the raw RNA-sequencing reads were taken for quality
control, removal of adaptor sequences and low reads prior to alignment to the human reference

genome. Summary of percentage that passed filter and percentage of overall alignment for 4-hour

and 24-hour indicated good quality reads and good alignment to reference genome.
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3.4.2 Distance analysis revealed similarities between 4-hour samples and 24-
hour samples

To evaluate the sample distance between control and treatments, Poisson
heatmaps were utilised. Poisson plots assess overall similarity between samples
using sample-to-sample distances (198). Poisson distances use raw gene counts
to assess the measure of dissimilarity between them. Within the plot, each sample
is compared in a symmetrical manner. The dark clusters of samples (top left and
bottom right in Figure 3.4) indicate similarities between gene expression in the

samples although from multiple treatment groups.
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samples

Figure 3.4: Heatmap of sample distribution using Poisson distances of all samples. The dark
blue represents a low dissimilarity between samples; the light blue represents a large dissimilarity. In
this case, the dark clusters of samples (top right and bottom right) indicate similarities between gene
expression in the samples although from multiple treatment groups.
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3.4.3 MMTSO treated samples clustered separately from non-MMTSO treated
samples

To explore whether there was gene clustering between MMTSO and non-MMTSO
samples, PCA plots were utilised. PCA plots also visualise sample-to-sample
distances where likeness and variance between samples are demonstrated in an
unsupervised manner, using the VST transformed data to ensure there is equal
contribution from all genes (197). There was distinct clustering with MMTSO
samples in basal glucose conditions at 4-hour (Figure 3.5A) and at 24-hour (Figure
3.5B), and in high glucose at 4-hour (Figure 3.6A) and at 24-hour (Figure 3.6B),
compared to non-MMTSO treated samples. There was particularly tight clustering
in the MMTSO samples in high glucose at 24-hour (Figure 3.6B). PCA plots were
also employed to assess gene clustering between SMCSO and non-SMCSO
samples, however there was no clear clustering with SMCSO samples compared
to non-SMCSO samples at all time-points and under all glucose environments
(Figure 3.7 and 3.8).
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Figure 3.5. Principal component analysis (PCA) plots for MMTSO vs. non-MMTSO samples in
basal glucose. Clustering is demonstrated in the MMTSO treatment (red circles) vs. non-MMTSO

(blue triangles) in both time points at 4-hours (A) and 24-hours (B).

74



Chapter Three

(A) ®
9
L J
@]
2.5- ‘
o @
C
o
o @
=
£ 0.0- A
O @
—
I
E A
A
FY
A
-2.5- -~
s
i
A
-10 -3 0 5
PC1: 35% variance
(B)
o0
5
. .'
A ® o
A @]
A @
8 e
5 o ®
|-
(]
= F S
=]
=
T}
—
I
&
i
-3
F N
A A
Y
N
-10- : .
-15 -10 -5 Q 5

PC1i: 31% wvariance

® MMTSO

A Non-MMTSO

Figure 3.6. Principal component analysis (PCA) plots for MMTSO vs. non-MMTSO samples in
high glucose. Clustering is demonstrated in the MMTSO treatment (red circles) vs. non-MMTSO
(blue triangles) at 4-hours (A) and 24-hours (B); with particularly tight clustering demonstrated with

MMTSO samples at 24-hour time point (B).
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basal glucose. No clear clustering is demonstrated in the SMCSO treatment (red circles) vs. non-

SMCSO (blue triangles) at 4-hours (A) and 24-hours (B).
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Figure 3.8. Principal component analysis (PCA) plots for SMCSO vs. non-SMCSO samples in
high glucose. No clear clustering is demonstrated in the SMCSO treatment (red circles) vs. non-

SMCSO (blue triangles) at 4-hours (A) and 24-hours (B).
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3.4.4 MMTSO treatment gave rise to more differentially expressed genes

Differential gene expression analysis was conducted to explore gene expression
changes between the treatment groups. Briefly, a MA plot was used to visualise
the changes in gene expression in terms of log fold change (Y-axis), and the log
of the mean of normalised expression counts over the samples (X-axis) where
each blue dot represents the statistically significant differentially expressed genes
(FDR-adjusted p-value < 0.05). Of the genes that passed Wald testing at 4-hours
(19,418 in basal; 19,208 in high), MMTSO treatment, compared to hon-MMTSO
samples, resulted in a large number of differentially expressed genes in both
glucose conditions (Table 3.1, Figure 3.9A and 3.9C). SMCSO treatment,
compared to non-SMCSO samples, resulted in no differentially expressed genes

in both glucose conditions (Figure 3.9B and 3.9D).

Table 3.1. Number of genes differentially expressed in response to MMTSO (compared to non-
MMTSO) at 4-hours in basal and high glucose environment

FDR-
adjusted MMTSO, Basal
p-value

<0.1 3074 (11603 1 1471) 3219 (11592 |, 1627)
<0.05 2339 (11255 ,1084) 2360 (11148 | 1212)

MMTSO, High
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Figure 3.9. MA plots for differential expression at 4-hours for MMTSO and SMCSO treatment.
(A) MMTSO vs non-MMTSO in basal glucose, (B) SMCSO vs non-SMCSO in basal glucose, (C)
MMTSO vs non-MMTSO in high glucose, (D) SMCSO vs non-SMCSO in high glucose. The grey dots
represent the genes; the blue dots represent the statistically significant differentially expressed genes
correct to Benjamini-Hochberg. The triangles represent the genes that fall out of the y-axis. MMTSO
treatment (compared to non-MMTSO) influences differentially expressed genes; SMCSO does not.
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Of the genes that passed Wald testing at 24-hours (19,522 in basal; 19,504 in
high), MMTSO treatment resulted in more differentially expressed genes in
comparison to SMCSO, with substantially more in the high glucose environment
(Table 3.2). At 24-hours, MMTSO treatment, compared to hon-MMTSO samples
in basal (Figure 3.10A) and high (Figure 3.10C) glucose demonstrated a large
proportion of differentially expressed genes; SMCSO treatment, compared to non-
SMCSO samples, in basal glucose (Figure 3.10B) had very few differentially
expressed genes of significance (Table 3.2); however, in the high glucose (Figure

3.10D), there was significantly more differentially expressed genes.

Table 3.2. Number of genes differentially expressed in response to MMTSO and SMCSO
(compared to non-MMTSO and non-SMCSO respectively) at 24-hours

FDR-
adjusted MMTSO, Basal MMTSO, High
p-value
<01 3401 (11737 | 1664) 8328 (14253 1, 4075)
<0.05 2578 (1M1314 |, 1264) 7085 (13585 ,3500)
SMCSO, Basal SMCSO, High
<0.1 7 (M4 13) 3548 (11653 |, 1895)
<0.05 7 (14 U3) 2237 (11004 |, 1233)
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Figure 3.10. MA plots for differential expression at 24-hours for MMTSO and SMCSO
treatment. (A) MMTSO vs non-MMTSO in basal glucose, (B) SMCSO vs non-SMCSO in basal
glucose, (C) MMTSO vs non-MMTSO in high glucose, (D) SMCSO vs non-SMCSO in high glucose.
The grey dots represent the genes; the blue dots represent the statistically significant differentially
expressed genes correct to Benjamini-Hochberg. The triangles represent the genes that fall out of
the y-axis. MMTSO treatment (compared to non-MMTSO) in basal and high glucose and SMCSO in

high glucose demonstrate a significant number of differentially expressed genes.
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Figures 3.9 and 3.10 highlight two observations; one that MMTSO samples appear
to have a greater impact on the differential expression of genes than SMCSO
samples; and the other that the high glucose environment led to more differentially
expressed genes, especially with MMTSO treatment, compared to basal glucose
environment.

3.4.5 MMTSO and to a lesser extent SMCSO significantly affected biological
pathways

Gene set enrichment analysis (GSEA) using the Hallmark database was used to
assess whether SMCSO or MMTSO treatment influenced biological pathways in
DU145 cells. Initially, enrichment plots were generated to assess the profiles of the

gene sets in response to the treatment and glucose environment, Figure 3.11.
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Figure 3.11: Enrichment plot examples. The black lines represent specific genes in the gene set;
green line is the enrichment profile. KRAS (A) and IL-2STAT5 (B) signalling were upregulated
(positive enrichment scores); G2M checkpoint (C) and mTORC1 (D) signalling were downregulated

(negative enrichment scores) following MMTSO treatment for 24-hour in basal glucose environment.
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The enrichment analysis gave an indication of how each treatment influenced the
profiles of gene sets within biological pathways. From this normalisation was
conducted to generated normalised enrichment scores (NES); a positive
enrichment score indicated upregulation and a negative enrichment score

indicated downregulation. Evaluation of the NES scores was conducted.

There were fewer significant gene sets following MMTSO treatment in basal
glucose at 4-hour compared to 24-hour (7 and 21 gene sets respectively, Figure
3.12). Both 4-hour and 24-hour MMTSO treatment, led to upregulation of four
signalling pathways: epithelial mesenchymal transition (EMT), interleukin-2-signal
transducer and activator of transcription 5 (IL2-STAT5), tumour necrosis factor
alpha via nuclear factor kappa B (TNFa via NFkB) and KRAS. Interestingly,
MMTSO treatment at 4-hour led to upregulation of interleukin-6-janus kinase-
signal transducer and activator of transcription 3 (IL6-JAK-STAT3) signalling
(Figure 3.12A), whilst MMTSO treatment at 24-hour also led to the downregulation
of cell cycle regulation and growth pathways including G-phase to M-phase (G2M)
checkpoint and E2 Factor (E2F) targets and mammalian target of rapamycin
complex 1 (mMTORC1/mTOR) (Figure 3.12B).

Comparing SMCSO treatment in basal and high glucose at 24-hour, there were
fewer significant gene sets following SMCSO treatment in basal glucose compared
to in high glucose (8 and 22 gene sets respectively, Figure 3.13). Both basal and
high glucose SMCSO treatment, led to downregulation of three signalling

pathways: cholesterol homeostasis, fatty acid metabolism, and mTORC1/mTOR.

Notably, SMCSO and MMTSO treatment in high glucose showed a similar NES
response in 6 gene sets (Figure 3.14), indicating downregulation of four signalling

pathways including mTORC1/mTOR, and upregulation of two signalling pathways.
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Figure 3.12: Pathway assessment of 4-hour and 24-hour MMTSO treatment in basal glucose
environment. Pathway analysis was conducted using GSEA software and the Hallmark database.
Demonstrated are the 7 gene sets at 4-hour (A) and 21 gene sets at 24-hour (B) significant to g-value
<0.05. NES, normalised enrichment score; IL2, interleukin 2; IL6, interleukin 6; JAK, Janus kinase;
STAT3 or 5, Signal transducer and activator of transcription 3 or 5; KRAS UP, genes upregulated by
KRAS signalling; TGF, transforming growth factor; TNFA, tumour necrosis factor alpha; E2F, E2
Factor; G2M, G2 phase to M phase; mTORC1, mammalian target of rapamycin complex 1 (mTOR
pathway); MYC, family of regulator genes; P53, tumour protein p53; UV, ultraviolet.
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Figure 3.13: Pathway assessment of 24-hour SMCSO treatment in basal and high glucose
environment. Pathway analysis was conducted using GSEA software and the Hallmark database.
Demonstrated are the 8 gene sets for basal glucose (A) and 22 gene sets for high glucose (B)
significant to g-value 0.05. NES, normalised enrichment score; E2F, E2 Factor; G2M, G2 phase to
M phase; KRAS UP, genes upregulated by KRAS signalling; mTORC1 (mTOR pathway), mammalian
target of rapamycin complex 1; MYC, family of regulator genes; P53, tumour protein p53; UV,

ultraviolet.
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Figure 3.14: Pathway assessment of 24-hour treatment of MMTSO and SMCSO in high glucose
environment. Pathway analysis was conducted using GSEA software and the Hallmark database.
Demonstrated are the 6 gene sets for MMTSO (pink) and SMCSO (blue) in high glucose significant
to g-value <0.05. NES, normalised enrichment score; E2F, E2 Factor; mTORC1, mammalian target
of rapamycin complex 1 (nTOR pathway); MYC, family of regulator genes; UV, ultraviolet.

3.4.6 MMTSO treatment altered expression of multiple gene sets

Assessment of the enriched genes from the Hallmark pathway analysis (section
3.4.5) was conducted using the GSEA data and differentially expressed gene lists,
in order to further assess SMCSO and MMTSO influence on functional biological
pathways. Briefly, the Log.FC of the top 15 enriched genes from the Hallmark
analysis with an FDR-adjusted p-value of < 0.05 were selected and plotted on bar
plots; a Log-.FC more than O indicated an increase in gene expression
(upregulation), a LogzFC less than 0 indicated a decrease in gene expression
(downregulation). SMCSO did not reach statistical significance for any of the genes
whereas MMTSO did reach statistical significance for all the genes assessed.
Following MMTSO treatment at 4-hour, the top genes from IL6-JAK-STAT3
pathway indicated that key genes in cell immune signalling including JUN were
upregulated (Figure 3.15), whereas key genes in the TGF-B pathway including
TFB1 were downregulated (Figure 3.16). Following MMTSO treatment at 24-hour,
the top genes from G2M checkpoint indicated key genes in cell cycle regulation
including BCL3 were downregulated (Figure 3.17), and key genes from the p53
pathways including SOCS1 were upregulated (Figure 3.18).
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Figure 3.15. Top enriched differentially expressed genes from IL6-JAK-STAT3 gene set by
MMTSO treatment in basal glucose at 4-hour. Key genes in cell immune signalling including JUN
were upregulated. All genes are significant to g-value <0.05.

ACVR1-

FURIN -

ID2-

KLF10-

PMEPA1-

SKI-

@© SLC20A1-
[
[i}]

O smAD3-

SMURF1 -

SMURF2 -

TGFB1-

TIP1-

:

KIAP -

=
=

0.1

=
o]

0.3

,_
&
¥
T
O
P

Figure 3.16. Top enriched differentially expressed genes from TGF-B gene set by MMTSO
treatment in basal glucose at 4-hour. Key genes in cell immune signalling including TGFB1 were
upregulated. All genes are significant to g-value <0.05.
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Figure 3.17. Top enriched differentially expressed genes from G2M Checkpoint gene set by
MMTSO treatment in basal glucose at 24-hour. Key genes in cell cycle regulation including BCL3
were downregulated. All genes are significant to g-value <0.05.
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Figure 3.18. Top enriched differentially expressed genes from p53 pathway gene set by
MMTSO treatment in basal glucose at 24-hour. Key genes in cell cycle regulation including SOCS1
were upregulated. All genes are significant to g-value <0.05.
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In response to MMTSO treatment, the IL-2-STAT5 signalling pathway gene sets
were upregulated in both 4-hour and 24-hour samples (Figure 3.12). The top 15
enriched genes were selected and the Log,FC of the commonly expressed were
plotted on bar plots. Of the top 15 enriched genes in the IL-2-STAT5 signalling
pathway, one of the four pathways upregulated by MMTSO at both 4-hour and 24-
hour, there were 7 genes that were upregulated in both: CCND3, CDCP1, HK2,
KLF6, LIF, PNP and SPRY4 (Figure 3.19).
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Figure 3.19. Seven of the genes from IL-2-STAT5 gene set were upregulated at both time points
under MMTSO treatment. Of the 7 genes (CCND3, CDCP1, HK2, KLF6, LIF, PNP and SPRY4), the
24-hour LogzFC are more than the 4-hour, indicating more upregulation at this time point. All genes

are significant to g-value <0.05.
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Following MMTSO treatment, the mMTORC1/mTOR signalling pathway gene sets
were downregulated in both basal and high glucose at 24-hour (Figure 3.12). The
top 15 enriched genes were selected and the Log.FC of the commonly expressed
genes were plotted on bar plots. Of the top 15 enriched genes in the
MTORC1/mTOR signalling pathway, there were 11 genes that were
downregulated following MMTSO treatment in basal and high glucose conditions:
ACACA, ACSL3, ATP2A2, EPRS1, GCLC, GSR, NUPR1, PHGDH, SHMT2,
WARS1, and XBP (Figure 3.20). The high glucose condition indicated higher
abundance of transcripts from all genes when compared to basal glucose
condition, indicating more stronger downregulation within this glucose
environment. Notably, the mTORC1/mTOR signalling pathway was downregulated
by four treatment environments all at 24-hours: MMTSO treatment in basal glucose

and in high glucose, SMCSO treatment in basal glucose and in high glucose.
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Figure 3.20. Eleven of the genes from the mTORC1/mTOR gene set were downregulated at 24-
hour by MMTSO treatment in both glucose environments. Of the 11 genes (ACACA, ACSL3,
ATP2A2, EPRS1, GCLC, GSR, NUPR1, PHGDH, SHMT2, WARS1, and XBP), the high glucose

Log2FC are more than the basal glucose, indicating more downregulation at this glucose

environment. All genes were significant to g-value <0.05.
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3.4.7 MMTSO treatment induced regulation of antioxidant and apoptosis
related genes

Examination of the effects of treatments on key metabolism-related genes
including those related with apoptosis and antioxidant metabolism was conducted
using the differentially expressed gene lists. Genes known to be related to these
pathways were selected and those with an FDR-adjusted p-value of < 0.05 were
taken forward for visual representation of the Log-FC values. SMCSO treatment
did not reach statistical significance for this set of genes but, in contrast, MMTSO

treatment did reach statistical significance for all the genes assessed.

Following MMTSO treatment for 24-hour, the antioxidant related genes were
downregulated in both basal and high glucose environments. There were 6 genes
that were downregulated following MMTSO treatment in basal and high glucose:
GCLC, GPX8, GSR, NQO1, SLC6A9 and SRXNL1 (Figure 3.21). The high glucose
Log-FC (blue lines) are larger for all genes when compared to basal glucose
Log2FC (pink lines), indicating there was greater downregulation within this glucose
environment. Of these antioxidant genes GCLC, GSR and NQO1 were all
downregulated following MMTSO exposure for 4-hour and 24-hour under basal

and high glucose (Figure 3.22).

Interestingly, the observed downregulation of antioxidant genes with MMTSO
treatment is opposite to what is observed with sulforaphane treatment (202). In the
context of broccoli soups, sulforaphane and MMTSO could be produced at different
transit times with sulforaphane production much earlier than MMTSO, potentially
suggesting the sulforaphane upregulates antioxidant response then MMTSO

downregulates the response.
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Figure 3.21. Six of the genes associated with antioxidant effects were downregulated at 24-
hour by MMTSO treatment in both glucose environments. Of the six genes (GCLC, GPX8, GSR,
NQO1, SLC6A9 and SRXN1), all genes are downregulated and significant to g-value <0.05.
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Figure 3.22. Three of the genes associated with antioxidant effects were downregulated by
MMTSO treatment at both time-points and in both glucose environments. GCLC, GSR and
NQO1 were all downregulated following MMTSO exposure for 4-hour and 24-hour under basal and
high glucose environments. All genes are significant to g-value <0.05.
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Following MMTSO treatment for 24-hour, four apoptotic related genes were
upregulated (BAK1, CARD19, FADD, and TNFAIP8) in both basal and high
glucose environments (Figure 3.23). The high glucose Log:FC (blue lines) were
generally higher for all genes when compared to basal glucose Log.FC (pink lines),

apart from TNFAIPS, indicating greater upregulation at this glucose environment.
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Figure 3.23. Four of the genes associated with apoptotic effects were influenced by MMTSO
treatment at 24-hour under both glucose environments. BAK1, CARD19, FADD, and TNFAIP8
were upregulated in basal and high glucose conditions. All genes are significant to g-value <0.05.
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3.5 Discussion

The effect of regular consumption of broccoli on the transcriptomic profile of
prostate tissue from prostate cancer patients has been previously reported (24,
185), and suggested there was a positive effect of sulfur-containing compounds on
the expression of cancer-related genes. However, the transcriptomic effects of the
sulfur metabolites, SMCSO and MMTSQO, in prostate cancer cells has not been

previously explored.

Data presented in this Chapter provides the first evidence of the effects of the
sulfur-containing compounds SMCSO and MMTSO on metabolic and cancer
related pathways which was conducted using gene set enrichment analysis
(GSEA) and the Hallmark database. The data presented in this Chapter reported
that MMTSO more strongly affects global gene expression than SMCSO and
revealed the key cellular pathways that were significantly influenced by MMTSO
exposure. The evidence presented in Chapter 2 reported MMTSO, but not
SMCSO, affected key metabolic pathways. The gene expression data presented
in this Chapter reported key regulation and metabolic genes and pathways were
significantly influenced by MMTSO and to a lesser extent SMCSO and provides a
potential explanation for the result observed in Chapter 2. Of note, the high glucose
environment elicited greater effects on gene expression and cellular pathways
compared to basal glucose. This is in agreement with previously published reports
in other cancer cells lines that reported high glucose increased key signalling
pathways through modulating AMPK/mTOR/S6 and MAPK pathways in
endometrial cancer cells (203) and increased DNA damage and expression of DNA
damage response genes in breast cancer cells (204). Although a few reports have
highlighted the effects of high glucose on gene expression profiles in cancer cell
lines, this remains unexplored in prostate cancer cells. This Chapter gave insights
into the effects of the glucose environment of the DU145 prostate cancer cells on

their response to treatment with dietary sulfur metabolites.

The tumour suppressor gene, p53, is commonly mutated in about 50% of human
prostate cancers (205). Downregulation of p53 promotes tumour cell proliferation
and survival (206), however with MMTSO exposure this gene set was upregulated,
suggesting potential activation of p53 key genes. This finding is consistent with
previous evidence from the ESCAPE study that indicated sulfur metabolites may
be able to suppress known oncogenic pathways in prostate cancer (24). Of note

from the top enriched genes of p53 pathway following MMTSO exposure, there
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was upregulation of key regulatory genes including the suppressor of cytokine
signalling 1 (SOCS1), cyclin D3 (CCND3), and the Growth Arrest and DNA
Damage-inducible 45 (GADD45). SOCS1 is usually repressed in prostate cancer
by the microRNA miR30d, with upregulation leading to inhibited invasion and
migration of prostate cancer cells (207). Upregulation of CCND3 was reported to
bind to and diminish androgen receptor activity in prostate cancer cells and as a
consequence a reduction in the rate of cell proliferation (208). GADD45-alpha and
GADD45-beta have been described as potential therapeutic target genes in
chemo-resistant prostate cancer (209, 210). High levels of the GADD45-beta
enhanced chemosensitivity and promoted apoptosis via mitogen-activated protein
kinase (MAPK) pathway in prostate cancer cell lines, DU145 and 22RV1 (209).
Interestingly, STAT proteins play an important role in regulating p53 (211). There
is evidence p53 decreases STAT3 phosphorylation and DNA-binding ability in
prostate cancer cells (212), leading to decreased tumour-suppression ability.
Moreover, accumulation of mutated p53 along with loss of function could
encourage STAT3-assocaited tumour cell proliferation (205).

Like other cancers, prostate cancer can develop immune mechanisms to support
evasion from specific immune responses and regulation in the body (50). These
mechanisms include modifying the microenvironment of the tumour to a more
immunosuppressive environment, ineffective T cell responses and reduced
antigen presentation (213). The gene sets significantly upregulated relating to
immune regulation (TGF-B, IL-6-JAK-STAT3 and IL2-STAT5) following MMTSO
treatment suggest that MMTSO can influence immune regulation in the prostate

cancer cells and may be a means of evading cancer development.

The gene set TGF- and IL-6-JAK-STATS3 signalling was significantly upregulated
following MMTSO treatment at 4-hour. TGF-B signalling and EMT gene sets were
both upregulated at 4-hour following MMTSO treatment; this could suggest TGF-
is inhibiting proliferation and inducing apoptosis. Dysregulated TGF-3 plays a role
in immunosuppression, evasion of immune surveillance, epithelial to mesenchymal
transition (EMT) and promoting tumour progression (214, 215). SMAD3 was one
of the top enriched genes in the TGF-B signalling gene set. It has been reported
that the targeted deletion of SMAD3 in a mouse model of tumorigenesis and
prostate cancer cells induced EMT through TGF-31, suggesting a role of SMAD3
deletion in prostate cancer metastasis (216). Activated SMAD cascade led to G1-

arrest and up-regulation of cyclin-dependent kinase inhibitors (217) and
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downregulation of Myc associated genes (218) in prostate cancer cells, suggesting
SMAD upregulation, as seen following MMTSO treatment at 4-hour, could promote
apoptosis-related pathways. Interestingly, thiosulfonic derivates such as MMTSO
and allicin were able to interact with STAT3 and cause cytotoxic activity in a colon
cancer cell line (175) and suppress cell proliferation of chemo-resistant malignant
tumours (cholangiocarcinoma) via STAT3 signalling (219). The upregulation of IL-
6-JAK-STAT3 gene set following MMTSO exposure, suggests that MMTSO might

be interacting with or acting on STAT3 leading to cell cycle regulation.

The gene set IL2-STAT5 was significantly upregulated following MMTSO treatment
at 4-hour and 24-hour. IL-2 is a cytokine approved for advance renal cell carcinoma
and metastatic melanoma immunotherapy (220) and is considered a promising
candidate for prostate cancer targeting and immune recognition (221). Recent
reports found serum levels of IL-2 to be three times higher in patients with prostate
cancer than those with prostatic hyperplasia (222). Prostate cancers are known to
accumulate T-regulatory cells leading to the inhibition of tumour hybrid cells
(THCs) and depleting them of IL-2. Increased levels of IL-2 promotes a pro-
inflammatory phenotype and a less favourable immune environment for the
progression of the prostate cancer (221). Interestingly, a human study
demonstrated patients with prostate cancer treated with a standard treatment of
zoledronate and IL-2 for 12-months had significantly increased survival rate
compared to those just treated with zoledronate alone (223). Further, sulfur
metabolites present in garlic (including allicin with a similar chemical structure to
MMTSO) have been shown to cause upregulation of the IL-2 immune regulation
pathway (224). Similar upregulation is observed following MMTSO treatment;
which may relate to the presence of thiol groups that are present in both MMTSO
and allicin (117). The observation that MMTSO causes an upregulation in IL-2
signalling gene sets provides evidence that MMTSO could play a role in

immunomodulatory effects of prostate cancer.

The association of prostate cancer progression and oxidative stress has been
linked with an increase of reactive oxygen species (ROS), although the
mechanisms by which ROS and antioxidant response contribute to prostate cancer
development remains uncertain (225). The prostate cancer cell lines PC3, DU145
and LNCaP, were reported to have increased ROS generation compared to normal
prostate epithelium cells. This increased ROS influenced the activity of key

regulatory cascades including extracellular signal-regulated kinase (ERK)1/ERK2

95



Chapter Three

and caused cyclin B-dependent G2M cell cycle arrest, while inhibition of ROS
activity led to decreased matrix metalloproteinase 9 (MMP-9) activity and reduced
mitochondrial potential in prostate cancer cells (226), providing further evidence
that decreased production of ROS leads to reduced prostate cancer development.
The antioxidant system comprises of various enzymes including those involved in
glutathione metabolism (glutamate-cysteine ligase (GCLC) and glutathione
reductase (GSR)), and phase Il detoxing enzymes such as NAD(P)H
dehydrogenase quinone 1 (NQO1) which plays a key role in ROS regulation and
protecting cells from gene damage (225, 226). GCLC (involved in glutathione
biosynthesis from glutamate), GSR (involved in the conversion of oxidised
glutathione to reduced glutathione), and NQO1 (involved in the reduction of
quinones to hydroquinones), have all been reported to be overexpressed in many
types of cancer including renal, lung and prostate cancers (227, 228). The prostate
cancer cell line DU145 was reported to have high NQO1 and GCLC levels
compared to normal and other cancer cell lines (229). The inhibition of NQO1
decreased ROS and p53 levels and suppressed NF-xB interaction modulating
inflammatory response associated with prostate cancer progression (230). The
observation that MMTSO caused a downregulation of GCLC, GSR and NQO1
genes provides evidence that MMTSO could play a role in oxidative stress and
antioxidant effects of prostate cancer. It is worth mentioning that the reported
downregulation of antioxidant genes with MMTSO treatment in this study is
opposite to what is observed with sulforaphane treatment in other studies (202).
However, there is some overlap from this study with other studies including the
Norfolk ADaPt study (185) and a previous broccoli soup intervention (231) also
indicated an upregulation of immune signalling pathways associated with

carcinogenesis in the prostate such as TGF-f signalling.

The initiation of intrinsic and extrinsic apoptotic pathways are key for
chemoprevention of prostate cancer. The intrinsic apoptotic pathway involves
disruption of mitochondrial membrane integrity, while the extrinsic apoptotic
pathway is activated by pro-apoptotic receptor and ligand interaction at the cell
surface (232). Dietary compounds, such as the sulfur compound sulforaphane
have been linked with cell cycle arrest and apoptosis in humerous cancer models
(85, 233), however the effects of MMTSO on apoptosis remain unclear.
Interestingly, the extrinsic apoptotic pathway is initiated by the binding of ligands
to cell surface death receptors associated with Fas-associated death domain

(FADD), whereby upregulated FADD initiates the caspase cascade resulting in
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programmed cellular destruction and apoptosis (234). Upregulation of FADD was
shown following MMTSO treatment, suggesting increased apoptosis in the
presence of this treatment. BCL-2 antagonist killer (BAK1) is a serine/threonine
kinase that acts as a pro-apoptotic regulator in the intrinsic apoptotic pathway
(235). BAK1 suppression was linked with induction of androgen-independent
prostate cancer cell growth (236), suggesting that the upregulation of BAK1
promotes apoptosis. Here, it was reported that BAK1 was upregulated following
MMTSO treatment. The sulfur compound with a similar structure to MMTSO, allicin,
activated caspase cascades through up-regulating BAX and down-regulating BCL-
2 regulation for induction of apoptosis in cholangiocarcinoma (219). The
observation that MMTSO caused upregulation of apoptotic related genes provides

evidence that MMTSO could play a role in inducing apoptosis in prostate cancer.

While there is limited literature concerned with studies exploring the molecular
mechanisms by which SMCSO and MMTSO may influence cellular processes
using model systems, there is a complete lack of human interventions investigating
the bioactivity of these compounds. Data presented here does highlight the
potential biological effects of SMCSO and MMTSO on prostate cancer gene
regulation, these are limited to a cultured cell line, and the observations need to be
verified with data from a human dietary intervention study designed to test the
effects of an SMCSO/MMTSO treatment versus a suitable control. The first step
would be to identify or develop a suitable food product that was rich in
SMCSO/MMTSO that could subsequently be used in a human intervention. The
obvious participants for such as trial would be prostate cancer patients who are on
active surveillance via prostate biopsies as this would allow access to prostate
tissue samples that could be used to investigate effects of treatment versus control

on transcriptomic profile.

RNA-sequencing, depending on sample size, can be costly, time-consuming on
sample preparation and data analysis, and limited by software, tools and database
used (237). Despite this it has become a popular technique used to quantify and
characterise the transcriptome of cells and tissues, allowing assessment from
multiple treatment groups under different environments. Future work could use
single cell multiomics in prostate cancer to identify cell mutations within the cancer
microenvironment to identify potential targets within the cancer and determine

correct treatment on an individual to individual basis to reduce cancer growth.
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3.6 Conclusion

The data presented in this Chapter provides evidence that treating DU145 prostate
cancer cells with MMTSO, and to a lesser extent SMCSO, causes changes in the
transcriptional profile of the cells. MMTSO, but not SMCSO, treatment to DU145
prostate cancer cells influenced key immune and regulatory signalling pathways
including IL-2-STATS5, IL-6-JAK-STAT3 and TGF-B, and key antioxidant genes
including GCLC, GSR and NQO1, and apoptotic-related genes including BAK1 and
FADD. These effects are similar to the transcriptional changes observed in the
prostate tissue of patients in the ADAPT and ESCAPE human dietary intervention
studies and suggest that the changes in these studies could have been caused by

SMCSO/MMTSO as well as glucoraphanin/sulforaphane present.
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Chapter Four: Effects of SMCSO and MMTSO treatments in
different glucose environments on the metabolite profiles of
prostate cancer cells

4.1 Introduction

Chapter 2 provided evidence that the sulfur-metabolites exposure to DU145
prostate cancer cells led to reduced mitochondrial capacity and glycolytic ability,
and increased of fatty acid dependency; Chapter 3 gave evidence that the sulfur-
metabolites exposure to DU145 prostate cancer cells led to regulation of key
cellular and potentially cancer-related genes and pathways including up regulation
of genes associated with inflammatory response and apoptosis and
downregulation of genes associated with antioxidant capacity. Collectively from the
mitochondrial energetics assessment discussed in Chapter 2 and assessment of
key genes and pathways discussed in Chapter 3, this Chapter further evaluates
the influence of SMCSO and MMTSO on DU145 prostate cancer cells by
assessment of metabolite profiles and metabolic pathways using untargeted and
targeted metabolomic analysis.

Metabolomics is an evolving field in dietary epidemiology that allows measurement
and comparison of large numbers of small compounds including fatty acids, sugars
and amino acids in a biological sample (238). It provides a real-time snapshot of
the physiological metabolism of the biological sample at a given time-point as the
measured metabolite concentrations reflect biochemical alterations. There are
numerous clinical applications from the use of metabolomics including examining
the association of metabolites in samples and cancer risk and development to
biomarker identification (239). Global metabolomics analyses have been used to
screen a number of dietary compounds for potential chemopreventive combination
treatments. For example, modulation of cancer cell metabolism, alterations in
STAT3, mTORC1, AMPK signalling, reduced ATP levels and induction of
apoptosis in mouse and human prostate cancer cell lines have been reported
(240). It can be extremely useful to apply large scale metabolomics analyses to
biological samples to identify metabolites that might prompt malignant

transformation of normal prostate epithelial cells to cancerous cells.

The prostate is known to display a unique metabolite profile (241, 242). A normal
prostate relies on glucose oxidation for ATP production with low citrate metabolism

in the tricarboxylic acid (TCA) cycle leading to accumulation of citrate (243).
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However, when normal prostate epithelial cells undergo malignant transformation
into cancerous cells there is metabolic reprogramming leading to activation of the
TCA cycle which is driven by reductions in zinc levels and the abundance/activity
of zinc-dependent enzymes which affects lipid and energy metabolism (239). Even
though prostate cancer cells do not exhibit the Warburg effect, they produce lactate
which facilities immune evasion, angiogenesis and cancer development (244). The
use of metabolomics in prostate cancer has identified key metabolite differences
compared to normal prostate epithelial cells, such as greater levels of metabolites
including choline and sarcosine associated with cancer progression (245).
Interestingly, a recent review found key metabolites to be consistently altered in
prostate cancer tissue and urine samples across a range of different studies, which
these ‘signature’ metabolites including valine, taurine, leucine and citrate (243).
This indicates these metabolites may be useful biomarkers for prostate cancer and
tumour aggressiveness that can be assessed in multiple biological samples.

Previous human studies have conducted global metabolite profiling on biological
samples to assess potential biomarkers in cancer development. Metabolomic
analysis of baseline serum samples in conjunction with dietary assessment of
participants in the Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer
Screening Trial, identified 412 known metabolites of which 39 dietary biomarkers
were identified. They reported correlations between S-methyl cysteine and
consumption of beans, tryptophane betaine and peanut intake, and trigonelline and
quinate with coffee (246). The Alpha-Tocopherol, Beta-Carotene Cancer
Prevention (ATBC study) conducted metabolomic analysis of serum samples from
523 cases of lethal prostate cancer with matched controls and identified 860 known
compounds including 34 metabolites that were significantly associated with lethal
prostate cancer. Higher levels of thioproline, cystine and cysteine (amino acids
involved in redox metabolism) were correlated with reduced risk of lethal prostate
cancer, while increased levels of several lipids including ketone bodies and fatty
acids were associated with metastatic cases (247, 248). These studies highlight
the impact of metabolite profiling of prostate cancer tissue and other biological

samples.

Global metabolite profiling from participants recruited onto broccoli soup
interventions has given an insight into the role of sulfur-containing compounds on
the metabolite profile of biological samples such as urine, plasma, prostate and

adipose tissue. Analysis of prostate, adipose and urine from participants recruited
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on the SAP study showed there were higher levels of tryptophane betaine,
trigonelline and quinate in the non-intervention arm (124), metabolites potentially
linked with habitual dietary associations such as those individuals who drank
coffee. Further analyses allowed the identification of differences in metabolic
pathways between the study arms in steroid hormone biosynthesis and caffeine
metabolism, with those in the broccoli soup arm reported as having higher levels
of SMCSO in the urine and of ADP in the prostate (124). Analysis of prostate tissue
that was absent of cancer foci from men recruited onto the ESCAPE study, a three-
arm broccoli soup intervention with low, intermediate and high levels of
glucoraphanin, also reported that whilst 448 metabolites were detected, there were
no significant differences in metabolites across the three broccoli soup arms (24).
Interestingly, there was increased glutathione metabolites related with redox status
(glutathione-reduced, S-methyl glutathione and cysteine-glutathione disulphide)
across all three broccoli soup arms (unpublished data), suggesting the increase
may not be connected to glucoraphanin content in the soups and may instead be
due to other sulfur-containing compounds present such as SMCSO or MMTSO.
This observation in particular indicates it is key to investigate the effect of other

sulfur-containing compounds on metabolomic profile of prostate cancer cells.
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4.2 Aims

The overall aim was to assess the effects of treatments with the sulfur-containing
compounds SMCSO and MMTSO on metabolite profile of DU145 cultured prostate

cancer cells:

e To use untargeted global metabolite profiling to assess the effects of
treatments on the metabolite profiles of prostate cancer cells exposed to
SMCSO and MMTSO.

e To undertake functional analyses of the metabolite changes to identify
metabolic pathways that are significantly altered by treatments compared
to controls.

e To investigate how difference in the glucose environment affect changes in
metabolite profiles in response to treatments with SMCSO and MMTSO.

¢ To use quantitative targeted analyses to explore the effects of SMCSO and
MMTSO treatments on the concentrations of metabolites of interest such

as amino acids.
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4.3 Materials and Methods
4.3.1 Cell Treatments

DU145 cells were cultured in standard conditions in T-75 flasks until 80 %
confluent. Once confluent, the appropriate treatment or vehicle control was added
(previously described in 2.3.1 and 2.3.2, Chapter 2). The appropriate treatment or
vehicle control were added in replicates of five diluted in cell culture medium either
under standard glucose environment of 5.5 mM, or high glucose environment of
25 mM for a further 24-hour incubation (Figure 4.1). Cell pellets and supernatants
were collected from each flask.

CELL PELLET
BASAL GLUCOSE HIGH GLUCOSE

00000 00000
00000 00000
..... ..... .Vehiclecontrol

24-hour SUPERNATANT . 100 pM SMCSO
BASAL GLUCOSE HIGH GLUCOSE . 100 M MMTSO

Figure 4.1. Treatment template for metabolomic analysis. Briefly, cells were cultured under
standard conditions until 80 % confluent before a further 24-hour incubation with the vehicle control
(water, brown circles), or appropriate treatment: 100 pM SMCSO (olive circles) or 100 upM MMTSO
(dark green circles) in replicates of five.

4.3.2 Cell Pellet Preparation

Once the supernatant was removed and collected (described in 4.3.3, Chapter 4),
the cells in the flasks were washed with cold 0.9 % NacCl solution which was then
removed. One millilitre of cold 0.9 % NaCl solution was added to each flask and
the cells were scraped off the flask surfaces using a cell scraper. All cells were
transferred to the appropriately barcoded tubes and mixed well. Cells were counted
using the Countess cell counter (ThermoFisher®) and centrifuged at 2000 rpm for
5-minutes at 4 °C to pellet the cells (approximately 100-150 pl volume of cell pellet
was required for the metabolomics analyses). The supernatant was removed and

discarded from the cells, and the cell pellets were immediately frozen at -80 °C. All
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samples were stored at -80 °C prior to submission for untargeted global

metabolomics analysis to Metabolon.
4.3.3 Supernatant Preparation

The supernatant was collected, transferred to a 50 ml falcon tube, and centrifuged
at maximum speed for 5-minutes at 4 °C, to eliminate dead cells and debris. Three
hundred microlitres of the supernatant was transferred to the appropriately
barcoded tubes and immediately frozen at -80 °C. All samples were stored at -80

°C prior to submission for untargeted global metabolomics analysis to Metabolon.
4.3.4 Sample Preparation

Once received by Metabolon, samples were prepared using the automated
MicroLab STAR system from Hamilton Company. A nhumber of recovery standards
were added prior to the first step in the extraction process for quality control (QC)
purposes. Proteins were precipitated and removed with methanol under vigorous
shaking for 2-minutes (Glen Mills GenoGrinder 2000) followed by centrifugation.
The resulting extract was divided into five fractions: two for analysis by two
separate reverse phase (RP)/UPLC-MS/MS methods with positive ion mode
electrospray ionisation (ESI), one for analysis by RP/UPLC-MS/MS with negative
ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode
ESI, and one sample was kept for backup. Samples were placed briefly on a
TurboVap® (Zymark) to remove the organic solvent. The sample extracts were

stored overnight under nitrogen before preparation for analysis.
4.3.5 Quality Assurance

A number of controls were analysed in conjugation with the experimental samples:
a pooled matrix made by taking small volumes of each experimental sample served
as technical replicates throughout the data set; extracted water samples served as
process blanks; a QC mix of standards was added to every sample being analysed.
The compounds in the QC mix were selected to not interfere with the measurement
of endogenous compounds and allowed instrument performance monitoring and
aided chromatographic alignment. The experimental samples were randomised

across the platform run with QC samples spaced evenly among the injections.
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4.3.6 Ultra-high Performance Liquid Chromatography (UPLC)- Tandem Mass
Spectroscopy

All methods used a Waters ACQUITY ultra-performance liquid chromatography
(UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate mass
spectrometer interfaced with a heated electrospray ionisation (HESI-II) source and
Orbitrap mass analyser operated at 35,000 mass resolution. The sample extract
was dried then reconstituted in solvents compatible to each of the four methods.
Each reconstitution solvent contained a mixture of standards at fixed
concentrations to ensure injection and chromatographic consistency. One aliquot
was analysed using acidic positive ion conditions, chromatographically optimised
for more hydrophilic compounds. In this method, the extract was gradient eluted
from a C18 column (Waters UPLC BEH C18-2.1x100 mm, 1.7 um) using water and
methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid
(FA). Another aliquot was also analysed using acidic positive ion condition;
however it was chromatographically optimised for more hydrophobic compounds.
In this method, the extract was gradient eluted from the same afore mentioned C18
column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was
operated at an overall higher organic content. Another aliquot was analysed using
basic negative ion optimised conditions using a separate dedicated C18 column.
The basic extracts were gradient eluted from the column using methanol and water,
however with 6.5mM Ammonium Bicarbonate at pH 8. The fourth aliquot was
analysed via negative ionisation following elution from a HILIC column (Waters
UPLC BEH Amide 2.1x150 mm, 1.7 um) using a gradient consisting of water and
acetonitrile with 20mM ammonium formate, pH 10.8. The MS analysis alternated
between MS and data-dependent MS" scans using dynamic exclusion. The scan

range varied slighted between methods but covered 70-1000 m/z.
4.3.7 Bioinformatics

The informatics system consisted of four major components: the Laboratory
Information Management System (LIMS), the data extraction and peak-
identification software, data processing tools for QC and compound identification,
and a collection of information interpretation and visualisation tools for data
analysts. The hardware and software for this informatics were the LAN backbone

and a database server running Oracle 10.2.0.1 Enterprise Edition.
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4.3.8 Data Extraction and Compound Identification

Raw data were extracted, peaks identified, and QC processing done using
Metabolon’s hardware and software. Metabolites were identified by comparison to
library entries of purified standards or recurrent unknown entities. Metabolon use
a library based on authenticated standards that contains the retention time/index
(RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS
spectral data) on all compounds present in the library. In addition to this,
biochemical identifications were based on three criteria: retention index within a
narrow Rl window of the proposed identification; accurate mass match to the library
+/- 10 ppm; and the MS/MS forward and reverse scores between the experimental
data and authentic standards. The MS/MS scores are based on a comparison of
the ions present in the experimental spectrum to the ions present in the library
spectrum. While there may be similarities between these molecules based on one
of these factors, the use of all three data points can be utilised to distinguish and
differentiate biochemicals. More than 3300 commercially available purified
standard compounds have been acquired and registered into LIMS for analysis on
all platforms for determination of their analytical characteristics.

4.3.9 Metabolite Quantification and Data Normalisation

Peaks were quantified using area-under-the-curve and allocated into several
biologically relevant classes: amino acids, carbohydrates, vitamins, tricarboxylic
acid cycle (energy), lipids, nucleotides, peptides, and xenobiotics. Cell samples
were normalised to total protein as determined by Bradford assay to account for
differences in metabolite levels due to difference in the amount of material present
in each sample. Supernatant samples were not normalised. One of the control
replicates in high glucose conditions was removed before further analysis because
it was shown the cells had not reached the 80 % confluency threshold that all the
other replicates had reached.

4.3.10 Functional Analysis

The normalised raw LCMS/MS values with their corresponding Human
Metabolome Database (HMDB) ID, Kyoto Encyclopaedia of Genes and Genomes
(KEGG) ID or name itself were entered into MetaboAnalyst 5.0 online platform for
principal component analysis (PCA), and pathway analysis. No filters were applied,
the data were log transformed and underwent global testing with relative-

betweenness centrality. If a single HMDB ID was given by Metabolon, this ID was
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used; when no HMDB ID was available, but a KEGG ID was, the KEGG ID was
used. In the 35 cases where there were multiple HMDB IDs were given, one of
these IDs were selected based on biological context such as selection of the L-
form rather than the D-form of amino acids including proline. Otherwise, the
compound name itself provided by Metabolon was used. Pathway associated
metabolites were selected from the small molecule pathway database (SMPDB)
which contains detailed analysis on human metabolic pathways and metabolite
signalling pathways with more than 30,000 small molecules found in humans (249,
250).

4.3.11 Targeted Amino Acid Extraction and Quantification

Supernatants and cell fractions that had been stored -80 °C were thawed and cell
fractions were washed once with cold 0.9 % NaCl solution. Metabolite extraction
buffer consisting of 50 % methanol, 30 % acetonitrile and 20 % MilliQ water was
made and kept at -20 °C until required. To the cells, 500 pl of the metabolite
extraction buffer per million cells was added and incubated at -80 °C for 24-hours
before the cells were scraped off at 4 °C and the insoluble material was transferred
into pre-cooled Eppendorf tubes. The supernatant samples were thawed,
centrifuged at maximum speed for 5-minutes at 4°C before 80 pl of each sample
was transferred to pre-cooled Eppendorf tubes containing 400 pl of metabolite
extraction buffer. Both the cell and supernatant samples were vortexed at 1400
rpm for 15-minutes at 4 °C using Eppendorf ThermoMixer. Samples were
centrifuged at maximum speed for 20-minutes at 4 °C before 80 pl of each sample
were transferred to pre-cooled vials. The vials were placed into a vacuum
centrifuge drier for 30-minutes before resuspension with 90 pul of 60 % acetonitrile
in water. For calibration curve, 17 amino acids in 0.1 M hydrochloric acid (79248-
5X2ML, Supelco) were diluted in 60 % acetonitrile in water to give 2.5 mM stock.
The stock was diluted further from 0 uM to the highest concentration of 1 mM in
fivefold concentrations. All standards were made prior to each run. Into separate
vials, 90 pul of each concentration was added. All samples had 10 pl of 2.5 mM
stable isotope-labelled canonical amino acid mix (MSK-CAA-1, Cambridge Isotope

Laboratories) was added, and each vial was crimped and vortexed thoroughly.

A model Agilent 6490 Triple Quadrupole LC/MS system equipped with a binary
pump, cooled autosampler, degasser, column oven and diode array detector, was
used. A mobile phase A of 10 mM ammonium formate (Sigma-Aldrich®) in

acetonitrile containing 0.15 % formic acid, a mobile phase B of 10 mM ammonium
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formate (Sigma-Aldrich®) in MilliQ water containing 0.15 % formic acid. The amino
acids were analysed using HILIC column and detected by multiple reaction
monitoring (MRM) mode using positive electrospray ionisation. The injection
volume was 1 ul per sample. The source conditions were as follows: dry gas
temperature 200 °C; dry gas flow 16 L/min; nebuliser pressure 50 psi; capillary
voltage 3500 V; sheath gas temperature 300 °C; sheath gas flow 11 L/min; nozzle
voltage 1000 V; high pressure RF 150 V; and low pressure RF 60 V, as previously
described by Perez-Moral and colleagues (251). Quantification was performed by
calculating the peak area ratio of the analyte in the sample to that for the internal
standard and using this value to calculate the concentration from a calibration
curve generated with calibration standards and the same quantity of internal
standard that were run alongside samples.

4.3.12 Statistical Analysis

Generation of graphs and statistical analyses were performed in Prism using
GraphPad Software or MatLab were appropriate. As appropriate, either unpaired
two-way T-tests, hypergeometric comparison tests, or one-way ANOVAs followed
by Tukey’s honest statical hypothesis testing for multiple comparisons were used.
Data are reported as mean + standard deviation with a p < 0.05 (95 % confidence
interval) defined to be statistically significant, n.s. p > 0.05.
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4.4 Results

4.4.1 Data from the untargeted global metabolomics analysis achieved the
necessary quality assurance criteria

The instrument variability was determined by calculating the median relative
standard deviation for the internal standards added to each sample prior to
injection into the mass spectrometers. The overall process variability was
determined by calculating the median relative standard deviation of all endogenous
metabolites present in all of the matrix samples for multiple technical replicates of
pooled samples. The percentages for instrument and process variability met

Metabolon’s acceptance criteria attaining quality assurance criteria, Table 4.1.

Table 4.1. Instrument and process variability percentages for sample analysis by Metabolon

Quality Control Median Relative Standard Deviation
S | Measurement
ample Cell Supernatant

Internal Instrument 0 0

Standards Variability 6% 4 %
Endogenous Overall

9 . Process 11 % 9%
Metabolites L

Variability

4.4.2 There was some clustering observed with SMCSO-treated and MMTSO-
treated samples, compared to controls

PCA plots were used to visualise clusters of samples based on their similarity to
each other. To explore whether there was clustering between control and
treatments, PCA plots were utilised. With the MMTSO cell treated samples, there
was some clustering between control and treated samples in basal (Figure 4.2A)
and high glucose conditions (Figure 4.2B). Likewise with the MMTSO supernatant
treated samples, there was some clustering between the control and treated

samples in basal (Figure 4.3A) and high glucose conditions (Figure 4.3B).

With the SMCSO treated samples, there was no distinct clustering compared to
control samples in the basal glucose samples (Figure 4.4A and 4.5A) however
there was some clustering demonstrated in the high glucose samples (Figure 4.4B
and 4.5B).
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Figure 4.2. Principal component analysis (PCA) plots for control vs MMTSO in cell samples.

Some clustering is demonstrated in the MMTSO treated samples (green circles) compared to control

samples (red circles) samples in basal glucose (A) and high glucose (B) conditions.
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Figure 4.3. PCA plots for control vs MMTSO in supernatant samples. Some clustering is
demonstrated in the MMTSO treated samples (green circles) compared to control samples (red

circles) in basal glucose (A) and high glucose (B) conditions.
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Figure 4.4. PCA plots for control vs SMCSO in cell samples. No clear clustering is demonstrated

in the SMCSO treated samples (green circles) compared to control samples (red circles) in basal

glucose (A); some clustering is demonstrated in the high glucose (B) conditions.
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Figure 4.5. PCA plots for control vs SMCSO in supernatant samples. No clear clustering is

demonstrated in the SMCSO treated samples (green circles) compared to control samples (red

circles in basal glucose (A); some clustering is demonstrated in the high glucose (B) conditions.
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4.4.3 More metabolites were detected in cell samples than in supernatant
samples

The total number of compounds and the number of compounds per matrix
detectable in each sample are shown in Table 4.2. A greater number of metabolites

were detected in the cell samples compared to the supernatant samples.

Table 4.2. Number of compounds per matrix detected in each biological class by Metabolon

Number of compounds per matrix

Biological Class

Cell Supernatant

Amino Acids 135 105
Carbohydrates 47 13
Vitamins 31 15
Tricarboxylic acid cycle 9 8
Lipids 325 49
Nucleotides 56 22
Peptides 41 9
Xenobiotics 19 18

Total 663 239

4.4.4 MMTSO significantly changed the abundance of metabolites from
several different biological classes, especially in the high glucose
environment

The number of significantly different compounds (p < 0.05) in cells for each
treatment group compared to the relevant control, detailed in Table 4.3, indicated
more compounds were significantly different from MMTSO exposure in basal
glucose (75 in total) compared to MMTSO exposure in high glucose (43 in total).
More tricarboxylic acid cycle compounds were significantly altered by MMTSO
treatment (6 in basal glucose; 5 in high glucose). Regarding the supernatant
number of significantly different compounds (p < 0.05) for each treatment group
compared to the relevant control, detailed in Table 4.4, more compounds were
significantly different in high glucose environment (53 in SMCSO; 66 in MMTSO).
Fewer tricarboxylic acid cycle compounds were significant in MMTSO treated

samples in the supernatant samples (1 in basal glucose; 2 in high glucose).
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Table 4.3. Number of significantly different compounds in each biological class in cells

Number of significantly different compounds

Biological Class (p<0.05)
SMCSO, SMCSO, MMTSO, MMTSO,
Basal High Basal High
Amino Acids 7 13 19 9
Carbohydrates 2 3 3 3
Vitamins 3 2 5 4
Tricarboxylic acid cycle 0 2 5
Lipids 16 5 32 8
Nucleotides 3 5
Peptides 4 4 4 6
Xenobiotics 3 3
Total 32 35 75 43

Table 4.4. Number of significantly different compounds in each biological class in supernatant

Number of significantly different compounds

Biological Class (p <0.05)
SMCSO, SMCSO, MMTSO, MMTSO,
Basal High Basal High

Amino Acids 16 27 26 40
Carbohydrates 1 3 0 4
Vitamins 1 4 1 2
Tricarboxylic acid cycle 1 3 1 2
Lipids 1 2 1 3
Nucleotides 4 8 1 7
Peptides 3 1 1 1
Xenobiotics 2 5 2 7
Total 29 53 33 66
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Regarding the cell samples, heatmaps of the z-scores of the number of significantly
different compounds between each control and treatment (p < 0.05) were
employed to explore the similarities and variance between control and treatment
conditions. An increase was indicated by blue colour; a decrease was indicated by
red colour and no change was indicated by no colour. Regarding the cell samples,
in basal glucose there was a difference in the lipid and peptide compounds
between the SMCSO and control samples (Figure 4.6), and no visual difference
between MMTSO and control samples (Figure 4.7). However, in high glucose
conditions, there was an increase in metabolites in samples treated with SMCSO
compared to control (Figure 4.8) and with MMTSO compared to control (Figure
4.9). With closer investigation, key tricarboxylic acid compounds including fumaric
acid and malic acid were seen to be increased following MMTSO treatment in basal

and high glucose compared to controls (section 4 in Figure 4.7 and Figure 4.8).

[ L-Alanine
Ethylmalonic acid 2
N-Acetyl-L-phenylalanine
Amino acids N-a-Acetyl-L-arginine
2-Hydroxy-3-methylbutyric acid
2-Methylbutyroylcarnitine
S-(1,2-dicarboxyethyl)glutathione r
D-Fructose
Carbohydrates N-Acetylneuraminic acid 05
Thiamine
Vitamins Pantothenic acid ol
Nicotinamide ribotide
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7Talpha-Hydroxy-3-oxo-4-cholestenoate -
|| Glycerophosphoglycerol
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Hydroxybutyrylcarnitine

3b-Hydroxy-5-cholenoic acid )
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Lipids
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Alanyl-Leucine

Valyl-Leucine

Alanyl-Lysine
Tryptophyl-Glycine
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Control SMCSO

Figure 4.6. Heatmap analysis of significantly different metabolites (p < 0.05) detected by
Metabolon within cells treated with SMCSO with respect to control in basal glucose. Plots were
generated using z-scores using MatLab; metabolite change is scaled from -2 to 2 using a colour scale
of red (decreased) to blue (increased) with no colour representing no change. There was no visual

difference between SMCSO and control samples.
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Figure 4.7. Heatmap analysis of significantly different metabolites (p < 0.05) detected by

Metabolon within cells treated with MMTSO with respect to control in basal glucose. Plots were

generated using z-scores using MatLab; metabolite change is scaled from -2 to 2 using a colour scale

of red (decreased) to blue (increased) with no colour representing no change. There was no visual

difference between MMTSO and control samples, although increased following MMTSO treatment in

tricarboxylic acid (TCA) cycle biological class.
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Figure 4.8. Heatmap analysis of significantly different metabolites (p < 0.05) detected by

Metabolon within cells treated with SMCSO with respect to control in high glucose. Plots were

generated using z-scores using MatLab; metabolite change is scaled from -2 to 2 using a colour scale

of red (decreased) to blue (increased) with no colour representing no change. There was increased

compounds following SMCSO treatment compared to control. TCA; tricarboxylic acid.
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Figure 4.9. Heatmap analysis of significantly different metabolites (p < 0.05) detected by
Metabolon within cells treated with MMTSO with respect to control in high glucose. Plots were
generated using z-scores using MatLab; metabolite change is scaled from -2 to 2 using a colour scale
of red (decreased) to blue (increased) with no colour representing no change. There was increased
compounds following MMTSO treatment compared to control, highlighting increase in compounds in
tricarboxylic acid (TCA) cycle biological class.
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The proportion of significantly different metabolites compared to total metabolites
in each biological class as a percentage was calculated followed by a
hypergeometric comparison test to exam whether these biological classes were
represented more than expected by chance in the set of compounds that were

deemed to be different between control and treatment.

Regarding cells, the test indicated significance in amino acid biological class with
SMCSO treatment in high glucose (p = 0.0106), detailed in Table 4.5. MMTSO
treatment in high glucose reported significance in the peptide biological class (p =
0.0483), and interestingly high significance in tricarboxylic acid cycle biological
class with MMTSO treatment both in basal and high glucose (p = 0.0001 for both),
detailed in Table 4.6 and corresponding to the increased metabolites shown in

Figure 4.7 and Figure 4.8.

With the supernatant, the test indicated no significance in SMCSO treated
samples, detailed in Table 4.7, and only significance in amino acids biological class
with MMTSO treatment in basal glucose (p = 0.0003), detailed in Table 4.8.
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Table 4.5. Proportion of significantly different metabolites compared to total metabolites (%) and p-
values in cell samples exposed to SMCSO

SMCSO, Basal SMCSO, High
Biological Class

% p-value % p-value
Amino Acids 5.51 0.4563 10.4 0.0106
Carbohydrates 4.26 0.6996 6.52 0.4760
Vitamins 10.0 0.1844 6.67 0.5045
Tricarboxylic acid cycle 0.00 1.0000 22.2 0.0837
Lipids 5.10 0.5284 1.61 1.0000
Nucleotides 0.00 1.0000 5.66 0.5762
Peptides 10.0 0.1319 10.0 0.1728
Xenobiotics 0.00 1.0000 15.8 0.0816

Table 4.6. Proportion of significantly different metabolites compared to total metabolites (%) and p-

values in cell samples exposed to MMTSO

MMTSO, Basal MMTSO, High
Biological Class

% p-value % p-value
Amino Acids 15.0 0.1350 7.32 0.4800
Carbohydrates 6.52 0.9261 6.52 0.6307
Vitamins 17.2 0.2458 13.8 0.1307
Tricarboxylic acid cycle 66.7 0.0001 55.6 0.0001
Lipids 10.1 0.9199 2.61 1.0000
Nucleotides 7.55 0.8933 9.43 0.2960
Peptides 10.0 0.7146 15.0 0.0483
Xenobiotics 111 0.6452 16.7 0.1200
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Table 4.7. Proportion of significantly different metabolites compared to total metabolites (%) and p-
values in supernatant samples exposed to SMCSO

SMCSO, Basal SMCSO, High
Biological Class

% p-value % p-value
Amino Acids 15.7 0.3659 26.2 0.6008
Carbohydrates 7.69 0.8754 23.1 0.7193
Vitamins 6.67 0.9108 26.7 0.5979
Tricarboxylic acid cycle 12.5 0.7174 37.5 0.3582
Lipids 5.88 0.9364 12.5 0.9572
Nucleotides 19.0 0.3540 40.0 0.1217
Peptides 33.3 0.1229 111 0.9415
Xenobiotics 11.8 0.7365 31.3 0.4239

Table 4.8. Proportion of significantly different metabolites compared to total metabolites (%) and p-
values in supernatant samples exposed to MMTSO

MMTSO, Basal MMTSO, High
Biological Class

% p-value % p-value
Amino Acids 25.2 0.0003 40.0 0.0534
Carbohydrates 0.00 1.0000 33.3 0.6370
Vitamins 6.67 0.9371 13.3 0.9864
Tricarboxylic acid cycle 12.5 0.7647 25.0 0.8244
Lipids 5.88 0.9573 18.8 0.9553
Nucleotides 4.76 0.9806 38.9 0.4203
Peptides 11.1 0.8045 111 0.9791
Xenobiotics 11.8 0.8019 46.7 0.2160
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445 MMTSO significantly influenced compounds involved in the
tricarboxylic acid cycle in cell samples

Interestingly, from the Metabolon analysis, the tricarboxylic acid (TCA) cycle
compounds were significantly influenced following MMTSO exposure in basal and
high glucose environment. Intriguingly, the TCA intermediates: citric acid (Figure
4.10A), aconitic acid (Figure 4.10B), isocitric acid (Figure 4.10C), fumaric acid
(Figure 4.10D) and malic acid (Figure 4.10E) were significantly increased following
MMTSO exposure in both basal and the high glucose environment. The TCA
intermediate oxoglutaric acid (Figure 4.10F) was significantly increased following
MMTSO exposure in high glucose conditions only. The TCA metabolite
succinylcarnitine (Figure 4.10G) was significantly increased followed MMTSO

exposure in high glucose conditions only.
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Figure 4.10. Tricarboxylic acid (TCA) compounds following MMTSO exposure in basal and
high glucose. The log of peak area normalised to total protein (logged(Data)) was plotted. There
was increased citric acid (A), aconitic acid (B), isocitric acid (C), fumaric acid (D) and malic acid (E)
in both glucose; increased oxoglutaric acid (F) succinylcarnitine (G) in high glucose only. n.s. = not

significant; * = p <0.1; ** = p < 0.01.
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4.4.6 SMCSO and MMTSO significantly influenced the concentrations of
amino acids in cell samples

Amino acids are key for cancer development. Using in house LC-MS/MS analysis,
the concentration (uM) of seven of the non-essential and eight of the essential

amino acids in the cell samples from high glucose conditions were analysed.

Following SMCSO treatment, four of the non-essential amino acids were
significantly increased compared to control; alanine (Figure 4.11A), arginine
(Figure 4.11B), serine (Figure 4.11C) and tyrosine (Figure 4.11D). Three non-
essential amino acids had no significant difference following SMCSO exposure
compared to the control; proline (Figure 4.11E), glycine (Figure 4.11F) and
glutamate (Figure 4.11G) although a slight decrease was shown with glutamate.
Of the essential amino acids following SMCSO exposure, six amino acids were
significantly increased compared to control; isoleucine (Figure 4.12A), leucine
(Figure 4.12B), lysine (Figure 4.12C), methionine (Figure 4.12D), threonine (Figure
4.12E) and valine (Figure 4.12F). Two essential amino acids although slightly
increased had no significant difference following SMCSO exposure compared to

the control; histidine (Figure 4.12G) and phenylalanine (Figure 4.12H).

Following MMTSO treatment, two of the non-essential amino acids amino acids
were significantly reduced compared to control; glycine (Figure 4.13A) and
glutamate (Figure 4.13B); five amino acids had no significant difference compared
to control; alanine (Figure 4.13C), arginine (Figure 4.13D), proline (Figure 4.13E),
serine (Figure 4.13F), tyrosine (Figure 4.13G). Of the essential amino acids
following MMTSO exposure, all eight measured had no significant difference
compared to control (Figure 4.14A — 4.14H).
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Figure 4.11. Non-essential amino acids following SMCSO exposure in high glucose in cell
samples. The concentration (UM) of each was plotted. After 24-hour treatment with control and
SMCSO, there was increased alanine (A), arginine (B), serine (C) and tyrosine (D) and no significant

change in proline (E), glycine (F) and glutamate (G), although a slight decrease was shown with

glutamate. n.s. = not significant; * = p <0.1; ** = p < 0.01.
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Figure 4.12. Essential amino acids following SMCSO exposure in high glucose in cell samples.
The concentration (uUM) of each was plotted. After 24-hour treatment with control and SMCSO, there
was increased isoleucine (A), leucine (B), lysine (C), methionine (D), threonine (E) and valine (F) and
no significant change in histidine (G) and phenylalanine (H), although these were slightly increased.

n.s. = not significant; * = p <0.1; ** = p < 0.01.
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Figure 4.13. Non-essential amino acids following MMTSO exposure in high glucose in cell
samples. The concentration (UM) of each was plotted. After 24-hour treatment with control and
MMTSO, there was decreased glycine (A) and glutamate (B) and no significant change in alanine
(C), arginine (D), proline (E), serine (F), tyrosine (G). n.s. = not significant; ** = p < 0.01.
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Figure 4.14. Essential amino acids following MMTSO exposure in high glucose in cell samples.
The concentration (uUM) of each was plotted. After 24-hour treatment with control and MMTSO, there
was no significant change in all eight amino acids measured: histidine (A), isoleucine (B), leucine (C),

lysine (D), methionine (E), phenylalanine (F), threonine (G) and valine (H). n.s. = not significant.
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Serine-to-glycine conversion is a vital factor for cancer cell metabolism and
development (252). Interestingly, the serine-to-glycine ratio was increased after
SMCSO (Figure 4.15A) and MMTSO (Figure 4.15B) exposure in cells in high
glucose conditions, with the increase greater in response to MMTSO exposure
compared to SMCSO exposure.
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Figure 4.15. Serine-to-glycine ratio following SMCSO and MMTSO exposure in high glucose
in cell samples. The concentration (uM) of each was plotted. After 24-hour treatment with control
and treatment (SMCSO or MMTSO), there was significant increase in serine-to-glycine ratio; more
with MMTSO exposure than SMCSO. * = p <0.1; ** = p < 0.001.
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4.4.7 DU145 cell pathway analysis showed significant differences in key
metabolic pathways in response to SMCSO and MMTSO exposure

Using the Metaboanalyst online platform, pathway analysis was conducted, and
the top 15 pathways were selected. The match status column indicated the number
of identified compounds over the total number of compounds in the specific
pathway; the match status and centrality within pathways confer higher pathway
impact. DU145 cell exposure to SMCSO in basal glucose caused statistically
significant differences in both fatty acid biosynthesis (p = 0.017) and butyrate
metabolism (p = 0.047), with alpha linolenic acid and linoleic acid metabolism in
the top 3 but not significant (p = 0.176), as detailed in Table 4.9 and Figure 4.16.

Table 4.9 Metabolic pathway differences in DU145 cell exposure to SMCSO in basal glucose.
Pathways are ranked by p-value (p < 0.05 as significant); 15 highest-ranked pathways are shown.

Metabolic Pathway gzzz p-value Impact
Fatty Acid Biosynthesis 6/33 0.017 0.065
Butyrate Metabolism 6/16 0.047 0.359
Alpha L”/loclizn&:e?;éiﬁ;g Linoleic 7116 0176 0481
Malate-Aspartate Shuttle 37 0.313 0.429
Glycerol Phosphate Shuttle 3/8 0.314 1.000
Carnitine Synthesis 8/16 0.323 0.388
Glucose-Alanine Cycle 3/9 0.324 0.563
Cardiolipin Biosynthesis 6/11 0.330 0.299
Catecholamine Biosynthesis 3/14 0.334 0.001
Histidine Metabolism 11/35 0.334 0.546
Porphyrin Metabolism 5/36 0.335 0.001
Tyrosine Metabolism 8/55 0.345 0.097
Betaine Metabolism 8/18 0.347 0.519
De Nov'o Triacylgilycerol 4/9 0.350 0.200
Biosynthesis
Phospholipid Biosynthesis 13/25 0.353 0.640
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@ Fatty Acid Biosynthesis (p=0.017)
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Figure 4.16. The pathway analysis metabolome view from DU145 cell exposure to SMCSO in
basal glucose using Metaboanalyst. Y-axis values are presented as -log10(p) for graphical
separation and X-axis values for pathway impact according to analysis and detailed in Table 4.8. The
match status and centrality within pathways confer higher pathway impact. Fatty acid biosynthesis
and butyrate metabolism are both significantly different (p < 0.05) between control and SMCSO
treated samples. The alpha linolenic acid and linoleic acid metabolism is also highlighted although

not significant (p = 0.176).
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DU145 cell exposure to MMTSO in basal glucose revealed statistically significant
differences in phenylalanine and tyrosine metabolism (p = 0.019), pyruvaldehyde
degradation (p = 0.026) and alpha linolenic acid and linoleic acid metabolism (p =
0.034), as shown in Table 4.10 and Figure 4.17. Interestingly, the mitochondrial
electron transport chain is ranked 9 out of 15, although not significant (p = 0.227).

Table 4.10 Metabolic pathway differences in DU145 cell exposure to MMTSO in basal glucose.
Pathways are ranked by p-value (p < 0.05 as significant); 15 highest-ranked pathways are shown.

. Match

Metabolic Pathway Status p-value Impact
Phenylalanine apd Tyrosine 6/25 0.019 0291

Metabolism
Pyruvaldehyde Degradation 217 0.026 0.001

Alpha Linolenic Acid and Linoleic

Acid Metabolism 716 0.034 0.481
Vitamin B6 Metabolism 6/15 0.072 0.339
Taurine and Hypotaurlne 2/9 0.073 0.001

Metabolism
Homocysteine Degradation 3/7 0.073 0.500
Urea Cycle 11/23 0.193 0.539
Aspartate Metabolism 13/34 0.223 0.946
Mitochondrial Elegtron Transport 6/15 0227 0.393

Chain

Plasmalogen Synthesis 6/16 0.292 0.001
Biotin Metabolism 1/7 0.335 0.001
Arginine and Proline Metabolism 16/48 0.338 0.593
Pyruvate Metabolism 10/37 0.344 0.395
Thiamine Metabolism 5/9 0.351 0.950
Purine Metabolism 24/63 0.382 0.322
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Figure 4.17. The pathway analysis metabolome view from DU145 cell exposure to MMTSO in
basal glucose using Metaboanalyst. Y-axis values are presented as -logl0(p) for graphical
separation and X-axis values for pathway impact according to analysis and detailed in Table 4.9. The
match status and centrality within pathways confer higher pathway impact. Phenylalanine and
tyrosine metabolism, pyruvaldehyde degradation, and alpha linolenic acid and linoleic acid
metabolism were significantly different (p < 0.05) between control and MMTSO treated samples. The

mitochondrial electron transport chain is also highlighted although not significant (p = 0.227).
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DU145 cell exposure to SMCSO in high glucose conditions caused no statistically
significant differences according to the pathway analysis. Although not significant,
the top three ranked pathways were phenylalanine and tyrosine metabolism (p =
0.096), vitamin B6 metabolism (p = 0.121) and pentose phosphate pathway (p =
0.198), as detailed in Table 4.11 and Figure 4.18.

Table 4.11 Metabolic pathway differences in DU145 cell exposure to SMCSO in high glucose.
Pathways are ranked by p-value (p < 0.05 as significant); 15 highest-ranked pathways are shown.

Match

Metabolic Pathway Status p-value Impact
Phenylalanine apd Tyrosine 6/25 0.096 0221
Metabolism
Vitamin B6 Metabolism 6/15 0.121 0.339
Pentose Phosphate Pathway 13/27 0.198 0.561
Inositol Metabolism 5/28 0.214 0.429
Inositol Phosphate Metabolism 5/22 0.214 0.372
Alpha Linolenic Acid and Linoleic
Acid Metabolism 7116 0.220 0.481
Phosphgtldylethanolamlne 713 0297 1.000
Biosynthesis
Arachidonic Acid Metabolism 5/65 0.228 0.302
Taurine and Hypotaurlne 2/9 0.232 0.001
Metabolism
Phosphatidylcholine Biosynthesis 11/18 0.239 0.951
Sulfate/Sulfite Metabolism 4/19 0.266 0.239
Phosphatldyllnosr_[ol Phosphate 6/14 0270 0813
Metabolism
Glutathione Metabolism 7/19 0.276 0.309
Homocysteine Degradation 37 0.283 0.500
Thiamine Metabolism 5/9 0.284 0.950
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Figure 4.18. The pathway analysis metabolome view from DU145 cell exposure to SMCSO in
high glucose using Metaboanalyst. Y-axis values are presented as -log1l0(p) for graphical
separation and X-axis values for pathway impact according to analysis and detailed in Table 4.10.
The match status and centrality within pathways confer higher pathway impact. No pathways were
significantly different (p < 0.05) between control and SMCSO treated samples. The top three ranked
pathways (phenylalanine and tyrosine metabolism, vitamin B6 metabolism and pentose phosphate

pathway) are highlighted although not significant.
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DU145 cell exposure to MMTSO in high glucose caused statistically significant
differences in vitamin B6 metabolism (p = 0.022), phenylalanine and tyrosine
metabolism (p = 0.025) and urea cycle (p = 0.045), as shown in Table 4.12 and
Figure 4.19. Interestingly, the mitochondrial electron transport chain is ranked 6

out of 15, although not significant (p = 0.117).

Table 4.12 Metabolic pathway differences in DU145 cell exposure to MMTSO in high glucose.
Pathways are ranked by p-value (p < 0.05 as significant); 15 highest-ranked pathways are shown.

Match

Metabolic Pathway Status p-value Impact

Vitamin B6 Metabolism 6/15 0.022 0.339

Phenylalanine ar_wd Tyrosine 6/25 0025 0221
Metabolism

Urea Cycle 11/23 0.045 0.539

Glucose-Alanine Cycle 3/9 0.099 0.563

Malate-Aspartate Shuttle 37 0.111 0.429

Mitochondrial Elegtron Transport 6/15 0117 0393

Chain

Glycerol Phosphate Shuttle 3/8 0.127 1.000

Ammonia Recycling 11/25 0.131 0.202

Phospholipid Biosynthesis 13/25 0.143 0.640

Porphyrin Metabolism 5/36 0.151 0.001

Cardiolipin Biosynthesis 6/11 0.173 0.299

Threonine and 2-O_xobutanoate 6/13 0173 0.408
Degradation

De Nov_o Trlacylgllycerol 4/9 0186 0.200
Biosynthesis

Arginine and Proline Metabolism 16/48 0.206 0.593

Pyruvaldehyde Degradation 217 0.211 0.001
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Figure 4.19. The pathway analysis metabolome view from DU145 cell exposure to MMTSO in
high glucose using Metaboanalyst. Y-axis values are presented as -log1l0(p) for graphical
separation and X-axis values for pathway impact according to analysis and detailed in Table 4.11.
The match status and centrality within pathways confer higher pathway impact. Vitamin B6
metabolism, phenylalanine and tyrosine metabolism and urea cycle were significantly different (p <
0.05) between control and MMTSO treated samples. The mitochondrial electron transport chain is

also highlighted although not significant (p = 0.117).
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4.5 Discussion

In cancerous cells, it is typical for cellular metabolism to be substantially
deregulated which enables cell proliferation and helps evade apoptosis through
rewiring intracellular metabolism and adapting the tumour microenvironment (253,
254). Epidemiological studies have indicated a negative correlation between
consumption of cruciferous vegetables and prostate cancer progression, which is
thought to be due to the presence of sulfur-containing compounds, and potentially
occurs via modulation of cancer-related genes and metabolites (24, 124). There is
a growing abundance of data emerging from studies involving metabolomic
profiling of cancer tissues including prostate, breast, lung and colorectal (242, 255),
but until now there has been no evidence on the potential of the sulfur-containing
compounds SMCSO and MMTSO, to affect metabolite profiles in prostate cancer
cells. In this Chapter, the effects of treatment of DU145 prostate cancer cells with
SMCSO and MMTSO on the metabolomic profile has been reported for the first
time. In addition, the effects of these compounds on prostate cancer cell
metabolism under different glucose environments has been reported which builds

on the evidence presented in Chapters 2 and 3.

Previous metabolomic analyses of biological samples from individuals on a
broccoli soup intervention have identified some metabolic changes including
enhanced incorporation of fatty acid B-oxidation through the TCA cycle and effects
on cellular redox capacity (24, 256, 257). One previous human intervention study
explored the effect of broccoli-soup consumption on plasma metabolite profiles of
volunteers with a mild to moderate risk of cardiovascular disease, using a three-
arm soup intervention with varying levels of glucoraphanin: none, standard and
high (256). The study detected 347 metabolites over numerous biological classes
with most of the effects of treatment occurring in amino acid and lipid metabolites,
TCA intermediates and acylcarnitines across both the standard and high broccoli
interventions (256). From another human intervention in which prostate tissue from
men recruited onto the ESCAPE study was analysed, it was reported that although
there were no significant changes in metabolites across the three broccoli soup
arms (24), there were increases in metabolites related to redox status and balance
across all three broccoli soups (unpublished data). The evidence presented in this
Chapter indicates clear increases in key amino acids and tricarboxylic acid (TCA)
cycle metabolites following MMTSO treated cell samples, providing evidence that

effects reported in these previous human studies may be unrelated to
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glucoraphanin content and related to the other sulfur-containing compounds such
as SMCSO and/or MMTSO present.

The high levels of citrate produced through the tricarboxylic acid (TCA) cycle is
essential for the function of the prostate, giving the prostate a unique and unusual
metabolomic profile compared to other organs (31). In malignant transformation of
normal prostate epithelial cells, there is metabolic reprogramming which results in
a shift of the TCA cycle from citrate accumulation to citrate oxidation to facilitate
cancer growth and progression (40, 258), although the mechanisms remain
unknown. Metabolomic analysis has highlighted TCA cycle dysregulation in
prostate cancer tissues with increased fumarate and malate linked with tumour
stage (40). In the current study reported here, there was increased fumaric acid
and malic acid upon MMTSO exposure in both basal and high glucose
environments, providing evidence that MMTSO exposure can modulate the TCA

cycle.

Amino acids are vital for prostate cancer progression with deprivation of key amino
acids now becoming a target in the development of cancer therapies (259-262).
Through stable isotope tracer studies, glucose, glutamine and aspartate have been
reported to increase citrate production in mouse prostate organoids restoring
citrate levels through the TCA cycle and reprogramming the tumour environment
to a normal prostate epithelial environment (31). This could provide evidence that
the key TCA cycle metabolites were upregulated following MMTSO exposure in
both glucose environments, but more so in the high glucose, and therefore could
be modulating the tumour microenvironment differently to that observed in a
normal environment. Glutamine conversion generates glutamate that can enter the
TCA cycle at the a-ketoglutarate point for production of downstream intermediates
and allowing mitochondrial respiration, and also feeds into the glutathione
synthesis pathway which is involved in redox balance (263, 264). It has been
reported that glutamate deprivation of prostate cancer cells reduced cell growth,
invasion, migration and led to apoptotic-cell death (265). In the studies presented
in this Chapter, following MMTSO exposure in high glucose conditions, glutamate
was significantly reduced, suggesting that MMTSO could be modulating redox
homeostasis in DU145 prostate cancer cells. Aspartate enters the TCA cycle at
the malate entry point and influences the malate-aspartate shuttle (31).
Interestingly, the malate-aspartate shuttle was ranked in the top 10 metabolic

pathways in three of the four treatment environments. This alongside reduced
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glutamate upon MMTSO exposure in high glucose, suggests these sulfur-
containing compounds may act on the TCA cycle and thus modulate prostate

cancer metabolism.

Serine and glycine are key in prostate tumourgenesis (252), refuelling one-carbon
metabolism and affecting cellular antioxidative ability (266, 267). The serine to
glycine ratio slightly increased with SMCSO exposure but significantly increased
with MMTSO exposure. This is consistent with the evidence presented in this
Chapter that SMCSO and MMTSO are affecting serine and glycine metabolism
and suggests there is potential for serine and glycine to be investigated as possible

biomarkers of prostatic cancer.

Previous studies have reported that dysregulated phenylalanine and tyrosine
metabolism is associated with prostate cancer progression (268). One study
undertook urine metabolomic analysis on 26 men diagnosed with stage 3 prostate
cancer and 26 men with normal PSA levels; they reported aromatic amino acid
metabolism was significantly altered in the prostate cancer urine samples
compared to normal urine samples including phenylalanine, tyrosine and
tryptophan biosynthesis, tyrosine metabolism and phenylalanine metabolism
(269). Further, a report from cultured cells provided evidence that tyrosine and
phenylalanine deprivation induced apoptosis in DU145 prostate cancer cells (270).
In this Chapter, it was shown that DU145 exposure to SMCSO in high glucose, and
MMTSO in both basal and high glucose, caused significant changes in
phenylalanine and tyrosine metabolism compared to controls, suggesting that
SMCSO and MMTSO may be able to interfere with prostate cancer progression

affecting aromatic amino acid metabolism.

DU145 exposure to SMCSO and MMTSO in basal glucose caused significant
changes in the alpha linoleic acid and linoleic acid metabolic pathway. Alpha
linoleic acid is an omega-6 fatty acid acquired through diet that is essential for lipid
metabolism (271). Reports from studies evaluating possible relationships between
alpha linoleic acid and prostate cancer risk and progression have been
inconsistent; some have suggested an association between alpha linoleic acid
levels and elevated risk of prostate cancer (272-274), while others have observed
the opposite, reduced risk and decreased tumour growth (275-278). Therefore,
further studies are required, perhaps focussing on dietary interventions that can
establish whether there is a cause and effect relationship as opposed to

association studies.
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Vitamin B6 intake has been inversely linked with prostate cancer risk and may
improve prostate cancer survival (279, 280). One study suggested that vitamin B6
deficiency alongside hyperglycaemia could contribute to DNA damage and
tumorigenesis (281). Here, DU145 exposure to SMCSO and MMTSO only in the
high glucose environment gave significant differences in vitamin B6 metabolism,
suggesting that in a high glucose environment SMCSO and MMTSO can modulate

vitamin B6 metabolism in prostate cancer cells.

Prostate cancer exhibits dysregulated lipid and fatty acid metabolism (30, 282).
Malignant prostate cancer tissues normally exhibit higher fatty acid uptake
compared to benign tissue mediated through the fatty acid transporter CD36 which
is linked with aggressive disease (283). DU145 prostate cancer cell exposure to
SMCSO in basal glucose revealed statistically significant differences in fatty acid
biosynthesis, providing evidence that SMCSO could be interfering with lipid

metabolism in DU145 prostate cancer cells.

Mitochondria play a key role in tumorigenesis by regulating the energetic ability of
the cells supporting malignant transformation and cell proliferation (77).
Intriguingly, DU145 prostate cancer cell exposure to MMTSO in both basal and
high glucose revealed the mitochondrial electron transport chain ranked in the top
ten of the highest-ranked metabolic pathways (9 out of 15 in basal glucose and 6
out of 15 in the high glucose). This, alongside the evidence reported in Chapter 2,
suggests a role of MMTSO in the mitochondrial energy metabolism of DU145

prostate cancer cells.

Global untargeted metabolomics can be very expensive and time-consuming
depending on the sample size. In addition to this, the data analysis is limited by
methods developed and devices available to detect metabolites, and how up to
date the available tools and databases are (284). Regardless of this, metabolomics
allows the quantification of intracellular metabolites within biological samples to
distinguish between treatments (285). Metabolomics in combination with other
omics analyses including proteomics and transcriptomics, is becoming a more
widespread approach for assessing the impacts of treatments compared to

appropriate controls (238).

Future work could use targeted tracer experiments and metabolic flux
assessments with glucose and glutamine to observe the redirection of these

energy sources under different treatment and glucose environments. Future work

141



Chapter Four

could also explore the metabolic modelling of the data presented in this Chapter
and in Chapter 2 and 3, in combination with the tracer and metabolic flux analyses,
to give a more robust picture of the molecular pathways regulated by SMCSO and
MMTSO exposure to prostate cancer cells. This could identify potential biomarkers

for the development of targeted therapeutics to reduce cancer progression.
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4.6 Conclusion

This Chapter provides evidence that MMTSO treatment and to a lesser extent
SMCSO can affect the metabolomic profile of DU145 prostate cancer cells, with
the most important changes observed in the tricarboxylic acid (TCA) cycle
metabolites and amino acids, and in cellular metabolism pathways including fatty
acid metabolism, phenylalanine and tyrosine metabolism, and the mitochondrial
electron transport chain. These observations are consistent with the notion that
SMCSO and/or its metabolite MMTSO are at least partially responsible for the
beneficial effects of a cruciferous-rich diet on prostate cancer risk.
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Chapter Five: Evaluation of dietary products for the
development of an SMCSO-rich product for use in cancer
human trials

5.1 Introduction

Collectively Chapters 2, 3 and 4 provide evidence towards a role of the sulfur
metabolites SMCSO and MMTSO on prostate cancer metabolism in vitro. Thus, it
would be reasonable to investigate this effect in a human intervention study with
prostate cancer cohort. Currently, there is no commercially available product rich
in SMCSO that could be used in a human study. This Chapter considers the best
delivery and formulation of an SMCSO-rich product matched with a control product

to be used in future cancer dietary interventions trials.

Cancer is a global burden with prostate cancer the most common cancer in men
accounting for 26 % of all new male cancer cases in the UK (85). It is estimated
that 30 — 50 % of all cancer cases are preventable through implementation of
healthy eating and a physically active lifestyle (286). The chemopreventative
properties associated with consumption of cruciferous vegetables, including
broccoli, are largely attributed to the sulfur-containing secondary metabolites they
contain (85, 88, 91, 287-289). Whilst much of the cancer human studies have
focused on the benefits related to the sulfur-containing compound sulforaphane,
there has been no human intervention assessing the bioactivity of the secondary
metabolite S-methyl cysteine sulfoxide (SMCSO) or its metabolite S-methyl
methanethiosulphonate (MMTSO). Data presented in Chapters 2, 3 and 4 of this
thesis have provided evidence that the breakdown product of SMCSO, MMTSO,
could also be responsible for the beneficial effects of a broccoli-rich diet on DU145
prostate cancer cells. To date, no isolated SMCSO supplement or SMCSO-rich
food product has been developed and made commercially available. In light of the
emerging evidence that SMCSO and its metabolites may be at least partly
responsible for the health benefits associated with consumption of broccoli, it
would be useful to develop or identify food-grade products that are rich in SMCSO

that could be used to directly test in future cancer human trials.

The delivery of bioactive compounds to their biological targets in vivo, such as
cancerous regions of the prostate, needs careful consideration of food processing
to ensure they retain the bioactive compounds and can provide an effective

concentration (290). With cultured cell based studies, specific doses of the
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bioactives can be administered for a known length of treatment time to the
biological target allowing for assessment of physiological changes including gene,
protein and metabolite variations (291). In the case of human dietary intervention
trials, the whole body is potentially exposed to the bioactive compound, but in
addition there are multiple other processes that can take place and may affect the
response(s); these include incomplete or partial absorption, changes in the
chemical nature of the bioactive(s) as a consequence of gut microbial or human
metabolism, bioactive effects on the structure, diversity and/or function of the gut
microbiome which consequently affects the host. Such studies allow for bioactive
exposure to the whole body and therefore multiple potential biological targets,
giving a better representation of the effects of the bioactive which may be caused,
for example, via the effects on the tumour microenvironment rather than the
cancerous cells themselves (292). However, concentrations used in vitro are often
far above what would be achievable in dietary interventions, thus careful
consideration is warranted to ensure the delivery of an effective concentration in
vivo (293). Understanding how a compound is metabolised and how quickly is also
vital in the choosing the most appropriate delivery method. A report of a human
pharmacokinetics study (the BOBS study) showed that the appearance of
sulforaphane in plasma peaked at 6 to 8 hours, which suggested absorption from
the distal gut, which was in contrast to SMCSO which peaked much earlier at 1.5
to 2 hours, which is almost certainly due to small intestinal absorption (99). This is
because sulforaphane is a metabolic product that is only generated once the
glucose of glucoraphanin has been removed by microbial thioglucosidases,
whereas SMCSO can be directly absorbed (99).

Designing functional foods requires strategic and scientific consideration. Initial
studies in cell and animal models could identify a potential bioactive that may have
health benefits in vivo but may require processing to develop functional products.
Whole food-based products such as a dried broccoli powder would contain a
mixture of bioactive compounds and micronutrients including fibre. Alternatively,
the compounds can be extracted, concentrated and/or isolated to generate
supplements containing relatively high concentrations of the isolated compounds;
an example is Broccomax, which is isolated sulforaphane obtained from broccoli
seed extract. Previous human interventions with prostate cancer patients have
used a variety of delivery methods such as a fresh soup product including the SAP,
BOBS and ESCAPE studies (24, 25, 99), or supplements including the Norfolk
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ADAPT study (26). Careful consideration is required when choosing the most

appropriate approach for efficient delivery of the bioactive compounds.

Combination of a bioactive ingredient into an appropriate food matrix needs
knowledge of their availability from the product, and an understanding of biological
factors such as bioavailability, bioaccessibility, chemical stability, and dosage
feasibility (292, 294). The optimal food matrix for delivery should be chosen to
optimise for these factors. Once selected, further assessment of chemical and
nutritional properties are needed to give analysis of the stability of bioactive within
the functional food product, and the nutrient and microbiological profile of the
product to prevent food spoilage (295). From this, additional processing may be
required such as further heating or boiling of the product. If further processing is
required, it is key to bear in mind the palatability of the product for clinical suitability,
for example if the product is too chewy or too viscous, modifications can be made
at this stage before taking the product to human clinical trials (296, 297). Once the
final functional food product is carefully selected, large-scale production with
appropriate food grade packaging for shelf stability and long term storage with
appropriate temperature control may need to be considered, especially for long
duration human studies (298). To ensure consistency between individuals in
handling the product, detailed instructions and recording of the product
consumption and background diet may be required (299, 300). The development
of a functional product rich in SMCSO for use in a controlled human trial in a cancer
cohort can help improve our understanding of SMCSO bioactivity and
bioaccessibility, to potentially be used alongside current standard cancer

prevention treatment.
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5.2 Aims

Evaluation and formulation of a functional product for the appropriate delivery of a
high dose of SMCSO for use in future cancer human trials:

e To assess fresh-broccoli soups, supplements and dried-broccoli soups to
select the best source of SMCSO.

e To investigate the effects of cooking and heating such products on the
levels of the sulfur metabolites including glucoraphanin, sulforaphane and
SMCSO.

e To assess the colour and other characteristics of the broccoli and placebo
powders and select a placebo that would facilitate blinding in future dietary

interventions trials.
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5.3 Materials and Methods
5.3.1 Fresh Soup Preparation

The fresh soup samples were produced by CRL FOODS (Gosforth Industrial
Estate, Gosforth, Newcastle upon Tyne, NE3 1XD). For the development of the
soup processing steps including pasteurisation and sterilisation was conducted by
CRL FOODS. Approximately 300 g samples of each soup were packaged into
plastic pouches and sent to the Quadram Institute Bioscience for analysis. Part of
the fresh soup sample was accurately weighed and placed in a freeze drier for
subsequent analysis of the metabolites. Freeze dried samples were stored at 4°C

until analysis.
5.3.2 Broccoli Powders

A variety of broccoli powders were assessed for their sulfur metabolite profile as
potential candidates. The broccoli cultivar 1086 that had elevated accumulation of
glucosinolates was developed through introgression of a novel allele of MYB28
from wild Brassica villosa and previously described in (98); this was made into a
powder form and provided by Professor Richard Mithen. Commercially available
broccoli powders were purchased from four different companies: Just Ingredients

(https://justingredients.co.uk/products/broccoli-powder), Bulk Powders

(https://www.bulk.com/uk/broccoli-powder.html), Buy Whole Foods Online

(https://www.buywholefoodsonline.co.uk/organic-broccoli-powder.html), and

Sussex  Wholefoods (https://www.healthysupplies.co.uk/fd-broccoli-powder-

sussex-wholefoods.html). Broccoli powder of the 1086 variety was subjected to

various hydration, heating and cooking processes. Each broccoli powder provided
was specified as Brassica oleracea by the company marketing the product. The

samples were stored at -80 °C until analysis.
5.3.3 Hydration and Stability Preparation of 1086 Broccoli Powder

Studies of hydration on 1086 variety of broccoli powder involved addition of 50 ml
of water at varying temperatures (ambient temperature, 40 °C, 60 °C, 80 °C and
90 °C) to 3 g samples of broccoli powder with maintenance of the temperature for
20 min. For heat treatment, 3 g samples of broccoli powder were dry heated at 60
°C for 20 min. Effects of heating and hydration were done by dry heating 3 g
samples of broccoli powder at 60 °C for 20 min and then hydrating the samples at

ambient temperature for 20 min. Effects of cooking were assessed by steaming 3
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g samples of broccoli powder at 100 °C for 20 min. A small proportion of the freeze-
dried broccoli powder was either kept freeze dried at ambient temperature or
hydrated at ambient temperature for one week. The hydrated samples were freeze

dried once more. All samples were stored at -80 °C until analysis.
5.3.4 Commercially Available Broccoli Powders

Each of the commercially available broccoli powders from Just Ingredients, Bulk
Powders, Buy Whole Foods Online and Sussex Wholefoods, were assessed for
their sulfur metabolite profile. The powder with the highest SMCSO content was
selected for the dried soup product. An appropriate control that was similar in

macronutrient profile and colour was selected for potential use as a placebo.
5.3.5 Dried Soup Preparations

The composition of the dried soup product was optimised and developed at
Quadram Institute Bioscience with the support of Dr Jennifer Ahn-Jarvis. Each
soup contained 20.5 g of a base golden vegetable soup (Batchelors) to which was
added 16 g of a commercially available freeze-dried broccoli powder (Sussex
Wholefoods) or 16 g of a commercially available freeze-dried courgette powder

(Sussex Wholefoods).
5.3.6 Dried Soup Heating Evaluation

Briefly, the dried soups were either not treated or treated with 250 ml of 100 °C
MilliQ water. The treated soups were freeze dried in an Edwards Vacuum and all
samples were appropriately stored at -80 °C until analysis. A commercially

available broccoli and stilton cup of soup was analysed as a positive control.
5.3.7 Commercially Available Supplements

Broccoli and garlic supplements were purchased from Broccomax® and Kwai
Heartcare respectively. The supplements were received in sealed tubes. Once
opened, supplements were stored at room temperature until analysis. Prior to

analysis, supplements were ground with a mortar and pestle to give a fine powder.
5.3.8 S-methyl-L-cysteine sulfoxide (SMCSO) Extraction and Detection

To extract S-methyl cysteine sulphoxide (SMCSO), a 40—-60 mg sample of freeze-

dried powdered soup or supplement was measured. A 5 ml aliquot of 1.1 mg/ml O-
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(carboxymethyl)hydroxylamine hemihydrochloride (OCMHA) in MilliQ water was
prepared. All samples were vortexed thoroughly and shaken on a horizontal shaker
at 1000 rpm for 10-minutes at 4 °C. After this incubation, the samples were
centrifuged at 4000 xg for 10-minutes at 4 °C. The clear supernatant was removed
and diluted 1:10 in HPLC-H,O containing 0.1 % formic acid and placed into HPLC
vials (Agilent®). Trideutromethyl B4S cysteine sulfoxide that was synthesised by
Dr. Paul Needs (Quadram Institute Bioscience) was added as an isotopically-
labelled reference standard (10 ug/ml in MilliQ water). Tubes were capped using a
crimper, vortexed and stored at -20 °C until analysis.

A model Agilent 6490 Triple Quadrupole LC/MS/MS system equipped with a binary
pump, cooled autosampler, degasser, column oven and diode array detector, was
used. A mobile phase A of 10 mM ammonium acetate (Sigma-Aldrich®) and 0.05
% hetaflurobutyric acid (Sigma-Aldrich®) in MilliQ water, a mobile phase B of 10
mM ammonium acetate (Sigma-Aldrich®) and 0.05 % hetaflurobutyric acid (Sigma-
Aldrich®) diluted in 10 % MilliQ water with the remaining volume made up with 100
% methanol. Initially, the flow rate was set at 0.1 ml/min to purge the binary pump,
this was followed by loading the appropriate method. For analysis, the flow rate
was set at 0.3 ml/min; the gradient started with 0 % mobile phase B, increased 3
% mobile phase B within 4 min, after washing for 2 min and equilibration was for
another 2 min. The total run was 8 min. The column temperature and autosampler
temperature maintained at 20 °C and 4 °C respectively. Samples were analysed
using an Agilent SB-AQ 1.8 uM (100 x 2.1 mm) C18 column with an Agilent Zorbax
guard column, using a programmed gradient mobile phase and ESI positive MRM.
The injection volume was 2 pl per sample. The retention time of SMCSO was
approx. 0.906. Quantification was performed by the use of calibration standards.
Briefly, into separate vials SMCSO standard (Methiin, Abcam) was dissolved in
MilliQ water to each give a 1 mg/ml stock. The stock was diluted in water from O
pg/ml to the highest concentration of 500 pg/ml. All standards were made prior to

each run.
5.3.9 Glucoraphanin Extraction and Detection

Reservoirs (Varian) with a frit (Varian) and a needle (P. Harris) were prepared and
placed into a rack. To the reservoirs, 0.5 ml MilliQ water was added to the frit and
left to pass through. This was followed by the addition of 0.5 ml of prepared A25
Sephadex (Amerersham Biosciences) to each reservoir which was left to settle to

form an approx. 0.5 cm bed of ion exchange material. Each reservoir was washed
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with 0.5 ml MilliQ water, and all liquid was left to pass through. For glucosinolates,
a 40-60 mg sample of freeze-dried soup or supplement was weighed out and a 10
ml aliquot of 70 °C 70 % (v/v) agueous methanol added followed by 50 ul of internal
standard (16 mM sinigrin, Sigma-Aldrich®). All samples were vortexed thoroughly
and incubated in a water-bath preheated at 70 °C for 30-minutes. During the
incubation, the samples were vortexed twice. After being left to cool, the samples
were centrifuged at 4000 xg for 10-minutes at 4 °C. Of each sample, three millilitres
of liquid supernatant were collected and allowed to drip through slowly which
allowed the glucosinolates to absorb to the ion exchange column. Once the liquid
had all dripped through, the column was washed twice with 0.5 ml MilliQ water and
0.5 ml 0.02 M sodium acetate pH 5, to wash off any free interfering ionic
components. Once no more liquid was remaining, collecting vials (Agilent®) were
placed under the needles. The glucosinolates were desulfated by the addition of
75 ul purified sulphatase (Sigma-Aldrich®) to the column, which was left at room
temperature overnight. Next day, the desulfated glucosinolates in the ion exchange
column were eluted with 1.25 ml of MilliQ water. Once eluted, a cap (Agilent®) was

crimped on top of the collecting vial and stored at -20 °C until analysis.

A model 1100 High Performance Liquid Chromatography (HPLC) system
(Agilent®) including a binary pump, cooled autosampler, degasser, column oven
and diode array detector, was used. A mobile phase A of MilliQ water and a mobile
phase B of LC-MS grade acetonitrile (Sigma-Aldrich®) were used. Initially, the flow
rate was set at 5 ml/min to flush the binary pump, this was followed by loading the
appropriate method. For analysis, the flow rate was set at 1 ml/min with a maximum
pressure 300 bar and a gradient of increasing mobile phase B from 5 % to 90 %
over 32-minutes. This was reduced to 5 % for 14-minutes preceding re-
equilibration. Samples were analysed using Waters Spherisorb ODS2 (4.6 x 250
mm id, 5 uym particle size) column (Waters) equipped with a Waters Spherisorb
guard column (Waters), by positive ion atmospheric pressure chemical ionisation
(APCI+) LC-MS. Quantification was conducted from the chromatogram data
measured at the absorbance 229 nm, and the ratio comparison of the peak of

interest and the internal standard (16 mM sinigrin).

5.3.10 Hydrolysis of Glucoraphanin and Detection of Isothiocyanates

For all freeze-dried materials (freeze-dried soup or supplement), 40-60 mg
samples were taken. For ambient temperature samples, to each tube, 1 ml of 1x
phosphate-buffered saline (PBS, Gibco®) was added. For 100 °C samples, 900 pl
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of boiling water was added followed by the addition of 100 ul of 10x PBS stock
(Gibco®) to achieve a 1:10 dilution. The tubes were sealed and vortexed. All
samples were incubated on a 37 °C heating block for 2 hours; each sample was
vortexed every 15-minutes to ensure optimal hydrolysis before the tubes were
centrifuged at 13,000 rpm for 30-minutes at 4 °C. The clear liquid supernatant was
taken undiluted for sulforaphane analysis into HPLC vials (Agilent®), followed by
the addition of 100 uM sulforaphane-D8 internal standard (TRC) in MilliQ water.
Sulforaphane-D8 internal standard was dissolved in dimethyl sulfoxide (DMSO,
Sigma) to give a 5.395 mM stock and further diluted in MilliQ water to generate a
working concentration of 100 uM. A cap (Agilent®) was crimped on top of the

collecting vial, vortexed and samples stored at -20 °C until analysis.

A model Agilent 6490 Triple Quadrupole LC/MS/MS system equipped with a binary
pump, cooled autosampler, degasser, column oven and diode array detector, was
used. A mobile phase A of 0.1 % ammonium acetate (Sigma-Aldrich®), adjusted
to a of pH 4 with 0.1 % acetic acid (Biosolve) in MilliQ water and a mobile phase B
of 0.1 % acetic acid in LC-MS grade acetonitrile (Sigma-Aldrich®) were used. For
analysis, the flow rate was set at 0.25 ml/min; the gradient started at 5 % mobile
phase B increasing over 5 min to 30 % mobile phase B and finally re-equilibrated
to 5% mobile phase B for 6 min. The column temperature and autosampler
temperature maintained at 20 °C and 4 °C respectively. Samples were separated
on Phenomenex Luna 3u C18(2) 100A (100 x 2.1 mm) column by multiple-reaction
monitoring (MRM) mode. The injection volume was 2 pl per sample. Quantification
was conducted through the identification of sulforaphane at retention time of
approx. 7.294, to generate a standard curve. Briefly, sulforaphane (S8044, LKT
Laboratories) was dissolved in DMSO to give a 100 mM stock solution and further
diluted in MilliQ water to generate a working concentration of 1 mM. The stock was
diluted in water from 0 mM to the highest concentration of 50 uM. All standards

were made prior to each run.

5.3.11 Colorimetric analysis

To gain empirical values for the colour of freeze dried broccoli soup preparations,
colorimetric analysis was performed. Briefly, images were taken of the powders
using an Epson flatbed scanner, the image was transferred to photoshop where
four L*a*b* readings could be taken. L* represents level of lightness where L*=0 is
dark black and L*=100 is bright white. The a* axis represents the green to red

component, with red in the positive direction and green in the negative direction.
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The b* axis represents the yellow to blue component, with the yellow in the positive

direction and blue in the negative direction. This is summarised in Figure 5.1.

White
L=100
Yellow
Green +b
cs &)
Red

Blue +3
-b

Black

L=0

Figure 5.1. Colorimetric representation using L*a*b*. Briefly, L*=100 is white, L=0 is black,
negative a* is green, positive a* is red, negative b* is blue and positive b* is yellow.

5.3.12 Statistical Analysis

All statistical analysis were performed in Prism using GraphPad Software. Where
appropriate either one-way ANOVA followed by Tukey’s honest statistical
hypothesis test for multiple comparisons, or unpaired two-way T-test were used. A
p < 0.05 with a 95 % confidence interval was defined to be statistically significant;
n.s. p > 0.05; no significance present, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Data are expressed as mean + standard deviation.

153



Chapter Five

5.4 Results

5.4.1 Heating causes thermal degradation of glucoraphanin but not SMCSO
in fresh broccoli soups

Evaluation of the appropriate delivery of high-SMCSO functional product for use in
future cancer human trials was conducted assessing supplements, fresh-broccoli
soup or dried-broccoli soup. Initially, fresh broccoli soups were produced at CRL
foods and either not-treated, pasteurised (70 °C and 85 °C) or sterilised (100 °C,
105 °C, 110 °C and 115 °C). The soups were delivered, freeze-dried and the
SMCSO and glucoraphanin content were assessed. Glucoraphanin content, but

not SMCSO, was significantly reduced with increased temperature (Figure 5.2).
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Figure 5.2: Thermal degradation of glucosinolates but not SMCSO. Fresh broccoli soups were
either not-treated, pasteurised (70 °C and 85 °C) or sterilised (100 °C, 105 °C, 110 °C and 115 °C).
Glucoraphanin content (A) was substantially and significantly decreased with increasing temperature,
SMCSO content (B) was not altered with increased temperature. n.s. = not significant, * = p < 0.01,
*** = p < 0.001, *** =p < 0.0001, compared to not-treated.
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5.4.2 Evaluation of 1086 freeze dried broccoli powder as a potential candidate

As a potential contender for the broccoli soup, the 1086 broccoli variant used in
the ESCAPE study was investigated under different cooking conditions. Briefly, the
broccoli, in freeze dried powdered form, was either not-treated, hydrated under
various temperatures, dry heated, dry heated and then hydrated or steamed. The
cooking and heating preparations influenced the greenness of the broccoli powder

(Figure 5.3), especially when steamed.

Not
Treated

AT 40°C 60°C 80°C  90°C
Hydrated Hydrated Hydrated Hydrated Hydrated

Dry Dry Steamed

Heated Heated
then AT
Hydrated

Figure 5.3. Images of 1086 broccoli powder samples under different cooking environments.
The cooking method used influenced the greenness of the broccoli powders; especially steaming the

broccoli powder. AT; ambient temperature.
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To assess the sulfur metabolites, glucoraphanin and SMCSO, in the 1086 broccoli
powder, LC-MS and LC-MS/MS was used. In the original preparations, the
glucoraphanin content significantly decreased when hydrated at 80 °C and 90 °C,
and completely disappeared when steamed (Figure 5.4A). SMCSO content was
not influenced when hydrated at any temperature but reduced around to a third in

value when steamed (Figure 5.4B).
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Figure 5.4. Sulfur compound content in original preparations of freeze-dried 1086 broccoli
powder under different cooking environments. (A) Glucoraphanin content. (B) SMCSO content.
The cooking method used influenced the glucoraphanin content of the broccoli powders; but did not
with SMCSO, apart from steaming the broccoli powder. AT; ambient temperature. n.s. = not

significant, *** = p < 0.001, **** = p < 0.0001, compared to not-treated.
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The room temperature stability of the 1086 freeze-dried samples was assessed.
Briefly, the freeze-dried powders were either kept at ambient temperature for 1
week or hydrated at ambient temperature for 1 week. The freeze-dried powders
kept at ambient temperature for 1 week did not decrease in glucoraphanin nor
SMCSO content (Figure 5.5A and 5.5B respectively). Glucoraphanin content, but
not SMCSO content, significantly decreased when kept hydrated at ambient

temperature for 1 week (Figure 5.6A and 5.6B respectively), especially at 40 °C.
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Figure 5.5. Sulfur compound content in freeze-dried 1086 broccoli powder preparations kept
at ambient temperature for 1 week. (A) Glucoraphanin content. (B) SMCSO content. The freeze-
dried powders kept at ambient temperature for 1 week did not decrease in glucoraphanin nor
SMCSO. AT; ambient temperature. n.s. = not significant, *** = p < 0.001, **** = p < 0.0001, compared
to not-treated.
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Figure 5.6. Sulfur compound content in freeze-dried 1086 broccoli powder preparations
hydrated at ambient temperature for 1 week. (A) Glucoraphanin content. (B) SMCSO content.
Glucoraphanin content, but not SMCSO, significantly decreased when kept hydrated at ambient
temperature for 1 week. AT; ambient temperature. n.s. = not significant, **** = p < 0.0001, compared
to not-treated.
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5.4.3 Evaluation of commercially available freeze dried broccoli powders as
potential candidates

Commercially available broccoli powders were considered as a possible source of
a high SMCSO food product. Briefly, four commercially available powders were
assessed for colour profile and sulfur-metabolite content. Even though all powders
were Brassica oleracea, all the samples were different in green colour (Figure
5.7A). Bulk Powder broccoli powder was more olive than green; Sussex
Wholefoods broccoli powder was a bright green which was the similar to the 1086
broccoli powder seen in Figure 5.3. Sussex Wholefoods broccoli powder contained
the highest level of glucoraphanin (8 pumols/g dried weight) and SMCSO (79
pumols/g dried weight), when compared to the three other broccoli powders (Figure
5.7B and 5.7C). Buy Whole Foods Online contained moderately high levels of
SMCSO (63 umols/g dried weight) compared to glucoraphanin (4 umols/g dried
weight). Bulk powder and Just Ingredients contained low levels of both

glucoraphanin and SMCSO.
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Figure 5.7. Sulfur compound content in commercially available freeze-dried broccoli powders.
(A) Images of commercially available broccoli powders. (B) Glucoraphanin content. (C) SMCSO
content. Bulk Powder broccoli powder was more olive than green; Sussex Wholefoods broccoli
powder was a bright green Sussex Wholefoods contained the highest glucoraphanin and SMCSO
content, Buy Whole Foods Online contained high levels of glucoraphanin and SMCSO and Bulk
powder and Just Ingredients contained low levels of both glucoraphanin and SMCSO. a, b, c, d;

denotes p < 0.0001 significance between each broccoli powder.
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5.4.4 Evaluation of commercially available supplements as potential
candidates

Two supplements were investigated for their sulfur-containing compound content:
BroccoMax® (broccoli supplement) and Kwai Heartcare (garlic supplement).
BroccoMax® had a very high content of glucoraphanin (22.7 mg/capsule, Figure
5.8), but glucoraphanin was not measured in the Kwai Heartcare product. Both
Broccomax® and Kwai Heartcare products contained minimal SMCSO (0.17 and
0.71 mg/capsule respectively, Figure 5.9).
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Figure 5.8. Glucoraphanin content in Broccomax. The Broccomax supplement contained huge
levels of glucoraphanin with 22.7 mg/capsule. Glucoraphanin was not measured in Kwai Heartcare.
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Figure 5.9. SMCSO content in supplements, Broccomax and Kwai Heartcare. Both Broccomax
and Kwai Heartcare contained minimal levels of SMCSO (0.17 and 0.71 mg/capsule respectively).

***x = p < 0.0001, compared between supplements.
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5.4.5 Sussex Wholefoods broccoli powder could be a suitable high SMCSO
material

This work aimed to develop a product to deliver a high content of the secondary
metabolite SMCSO for use in future clinical intervention studies. Regarding the
broccoli powders, Sussex Wholefoods gave the highest quantity, and 1086 variant
broccoli powder gave second highest quantity of SMCSO, whereas the Bulk
Powder product contained the lowest level of SMCSO. The Sussex Wholefoods
broccoli powder appears to be a good candidate for delivery a high dose of
SMCSO. Both supplements (Broccomax and Kwai Heartcare) contained only low
levels of SMCSO. The data are summarised in Table 5.1.

Table 5.1. Sulfur metabolite analysis in all samples for highest delivery of SMCSO to participants

Glucoraphanin SMCSO
Broccoli
Product pmols/g pmols/g
dried mg/g mg/capsule  dried mg/g mg/capsule

weight weight
1086 20.4 9.08 N/A 77.3 11.5 N/A
JI 3.18 1.39 N/A 22.7 3.43 N/A
Bulk 2.09 0.92 N/A 3.25 0.49 N/A
BWFO 4.13 1.81 N/A 62.5 9.45 N/A
Sussex 8.11 3.55 N/A 78.9 11.9 N/A
Broccomax 97.7 42.8 22.7 2.15 0.33 0.17
Kwai NM NM NM 6.61 1.00 0.71

SMCSO, S-methyl cysteine sulfoxide; 1086; Variant of Broccoli Powder; JI, Just Ingredients; Bulk,
Bulk Powder; BWFO, Buy Whole Foods Online; Sussex, Sussex Wholefoods; Kwai, Kwai Heartcare
supplement; NM; not measured; N/A; not applicable.
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5.4.6 Courgette powder could be an appropriate control to broccoli powder

Evaluation of potential control products for use alongside the broccoli product was
conducted. Variables such as whether they contain sulfur compounds and whether
they had similar fibre, starch and colouring to broccoli were considered and
summarised in Table 5.2. From this analysis, courgette powder was identified as a
suitable placebo control as it does not contain any sulfur compounds and has

similar fibre and starch composition to that of broccoli.

Table 5.2. Evaluation of potential placebo products compared to broccoli powder

Potential Contains Fibre Starch Similar Good
Control sulfur similar to similar to in Candidate?
Product compounds? broccoli? broccoli? colour? Why?

No,
contains
sulfur
compounds
No,
Brussel Yes No No No contains
Sprouts sulfur
compounds
No, control
would still
Steamed No contain
Broccoli  glucoraphanin, Same Same No SMCSO
Powder Low SMCSO and would
be different
in colour
No,
difference
in starch
Pea No Yes No Yes . could
Powder influence
glucose
metabolism
of cancer
Yes, does
not contain
sulfur
Courgette No Yes Yes Yes compounds
Powder and has
similar fibre
and starch
to broccoli

Cauliflower Yes Yes Yes No

SMCSO, S-methyl cysteine sulfoxide
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5.4.7 The dried-broccoli soup product contained high levels of SMCSO

To make the Sussex Wholefoods broccoli powder and courgette powder palatable
and to assist with blinding, it was decided to add the vegetable powders to a dried
base vegetable soup. Of the base vegetable soups available, Batchelors Golden
Vegetable Cup of Soup supplemented with either broccoli or courgette powder
gave soups that were similar in consistency and tasted similar to each other. Even
though the golden vegetable soup contained swede, leek and onion, it was shown
by direct analysis that it contained very low quantities of sulfur compounds (0.00 £

0.00 micromoles of glucoraphanin and 16.2 + 1.11 micromoles of SMCSO).

The Batchelors golden vegetable cup of soup was supplemented with 16 g of either
broccoli powder or courgette powder and either not-treated or treated as the
participants would prepare the soup, with 250 ml of 100 °C boiling water. The
broccoli soup contained high levels of SMCSO, moderate levels of glucoraphanin
and low levels of sulforaphane, whereas the courgette soup contained no
detectable quantities of any of these sulfur compounds (Figure 5.10). Not-treated
broccoli soups contained 1768 = 84.4 micromoles of SMCSO and 147 + 7.39
micromoles of glucoraphanin, respectively (Figure 5.10A and 10C, respectively).
Heat-treated (100 °C) soups contained 1816 + 80.8 micromoles of SMCSO and
146 + 1.85 micromoles of glucoraphanin, respectively (Figure 5.10B and 5.10D,
respectively). Using in situ glucosinolate hydrolysis, it was shown that the
glucoraphanin in the not-treated broccoli samples was converted to 0.22 + 2.33
micromoles of sulforaphane (Figure 5.10E), and in the heat-treated soups it
generated 0.16 + 0.01 micromoles of sulforaphane (Figure 5.10F). There was a
small increase in SMCSO levels in the not-treated soup samples compared to 100
°C treated samples (48 micromoles, Figure 5.10A and 5.10B respectively). There
was a slight reduction in sulforaphane in not-treated samples compared to 100 °C
treated samples (0.06 micromoles, Figure 5.10E and 5.10F respectively). The Co-
op broccoli and stilton soup, a commercially available dried-broccoli soup used as
a positive control, contained low levels of SMCSO, glucoraphanin and

sulforaphane compared to the broccoli soups (Figure 5.10).
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Figure 5.10. Sulfur metabolite analysis of vegetable soups to use in future cancer human trials.
Briefly, the soups were either left not-treated (A, C and E) or treated with 100°C water (B, D and F)
and analysed using LC-MS or LC-MS/MS to determine the pmols/soup of the following sulfur
metabolites: SMCSO (A and B), glucoraphanin (C and D) and sulforaphane (E and F). Each broccoli
soup contained high SMCSO and low sulforaphane from glucoraphanin hydrolysis. a, b, c, d; denotes

p < 0.0001 significance between each soup.
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For effective blinding of the broccoli and courgette soups, assessment of the colour
of the not-treated dried soup (dried soup) and soup heat-treated at 100°C (fresh
soup) was conducted using L*a*b* quantification. Briefly, images were taken of the
soups and L*a*b* readings were taken using Adobe photoshop. The fresh soups
appeared to be visually different in terms of greenness (Figure 5.11A) and when
quantified there were significant differences in greenness (a*) and yellowness (b*)
between the dried and fresh soups (Figure 5.11B), although there was no

significant difference in lightness observed between the soups.
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Figure 5.11. Colorimetric assessment of vegetable soups to use in future cancer human trials.
(A) Images of the original dried product (dried soup) and 100°C treated soup (fresh soup) (B) L*a*b*
guantification of the soups. Significant differences in greenness (a*) and yellowness (b*) between the
dried soups, and the fresh soups, no significant differences in the lightness was observed. Statistical
analysis on graph: dried broccoli soup compared to dried courgette soup, fresh broccoli soup

compared to dried courgette soup, n.s = not significant, ** = p < 0.01, **** = p < 0.0001.
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5.5 Discussion

Functional foods and components give health benefits more than nutrition of a
balanced diet. Previous studies have reported substantial evidence between
functional foods rich in bioactives such as polyphenols, flavonoids and sulfur-
containing compounds and reduction of chronic diseases including cardiovascular
disease, type 2 diabetes and cancer (85, 301-303). These studies have utilised
both whole foods and supplement based products for delivery of bioactive
compounds. One study developed and used an oral supplement product
containing a mixture of pomegranate, green tea, broccoli and turmeric and
matched with an identical placebo control; they recruited 199 men with localised
prostate cancer for 6-months and reported the median rise in PSA was 14.7 % in
supplement group compared to 78.5 % in the placebo group (90). This provides
evidence that concentrated amounts of bioactives can be effectively delivered and
display significant effects on prostate cancer. A recent systematic review looked at
articles published from 2010 to 2020 focusing on whole functional foods and
breast, liver and cervical cancers and reported various functional foods in the
studies selected to influence cancer related metabolism including induction of
apoptosis, modulation of signaling cascades, and ROS generation (304). It is clear
from the published evidence that cancer prevention by functional foods could be a

plausible method of delivery of high concentrations of bioactives.

Studies of efficacy of dietary interventions with sulfur bioactives in humans with
cancer is essential for understanding their influence on disease progression.
Successful delivery of the appropriate concentration of a bioactive to the target
tissue in the body is key to achieving an effect. Broccoli contains several different
sulfur-metabolites, and therefore it is important that a functional product that
contains a high content of SMCSO contains relatively small amount of other sulfur
compounds and is able to deliver the SMCSO in a bioavailable form in the final
processed product. One option would be to provide SMCSO in the form of an
isolated purified product, for example in a capsule or similar. However, this would
be extremely difficult, time-consuming and costly because it would require
extensive purification of SMCSO from a plant tissue and would likely also require
evidence that such highly purified forms and doses are safe for human
consumption. It is worth noting that overconsumption of polyphenols have
previously been reported to cause harmful toxic effects (305). Even though the

consumption of cruciferous vegetables is considered not toxic and not associated
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with any serious adverse effects (306, 307), the careful consideration of the safe
and beneficial levels of SMCSO is required for suitable development of a functional

food product.

The cooking, heating and processing of the food product needs to be taken into
account of when developing a functional food product (294). Assessment of a
potential candidate for the delivery of high-SMCSO indicated thermal degradation
and poor stability of glucoraphanin, but not SMCSO. Consistent with these
findings, the effects of thermal degradation was reported by the heating of Brassica
vegetables to 99 °C resulting in thermally-induced glucosinolate breakdown (308).
Other cooking methods including steaming, microwaving and boiling have different
effects on glucosinolate profile; steaming of broccoli preserved total glucosinolates
and enhanced sulforaphane (309) but boiling and microwaving led to complete loss
within 1-minute (310). This could be explained by the breakdown of plant tissues
and inactivation of myrosinase, needed for the conversion of glucoraphanin to
sulforaphane under high heat conditions (311). Interestingly, certain processing
methods can apparently increase the yields of glucosinolates including high
pressure processing and pulsed electric field; high pressure processing of broccoli
led to the breakdown of glucosinolates but the recovery of isothiocyanates such as
sulforaphane (312), and pulsed electric field processing of broccoli led to increased
aliphatic glucosinolate contents (313). The observed thermal degradation of the
glucoraphanin but not SMCSO, would be beneficial for a designing a product rich
in SMCSO. If designing a food product high in glucosinolates, to retain nutritional

values at highest level, careful consideration of the cooking preparation is needed.

Of the commercially available supplements and broccoli powders, Broccomax was
shown to contain a large quantity of glucoraphanin and both supplements
contained very low amounts of SMCSO; Sussex Wholefoods broccoli powder
contained high-SMCSO and moderate glucosinolate content. Supplements are
easily administered and allow for the evaluation of specific isolated bioactives
(314). However, with a food-based approach such as soup, the whole food
ingredients containing multiple bioactive compounds and micronutrients can be
assessed (292). Therefore, for a product high in SMCSO, Broccomax and Kwai
Heartcare supplements would not be suitable. Instead, the Sussex Wholefoods
commercially available broccoli powder was considered a good candidate to
deliver sufficiently high doses of SMCSO.
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The strategy used to make the Sussex Wholefoods dried-broccoli powder
palatable and to assist with development of an appropriate placebo was to add it
to a dried base vegetable soup. When supplemented with the broccoli powder, the
broccoli soup treated with 100 °C water contained moderate glucoraphanin (146 +
1.85 micromoles) and high SMCSO (1816 + 80.8 micromoles). This is a slightly
higher amount of glucoraphanin to what would be consumed in a standard broccoli
portion (315) and would be safe for consumption. This is comparable to the broccoli
soup used in the SAP human study in which one portion of broccoli soup contained
280 * 8.8 micromoles of glucoraphanin and 1513 + 36.8 micromoles of SMCSO
(25), and the accumulation of SMCSO was observed in the prostate tissue in this
previously reported human study (25). Thus, the soup developed in this Chapter
could potentially deliver more SMCSO to the biological target tissue compared to
the broccoli soup used in the SAP study.

The broccoli soup generated only a small quantity of sulforaphane when the soup
was hydrated to allow any residual broccoli myrosinase enzyme to hydrolyse the
glucoraphanin and generate sulforaphane. The low level of sulforaphane observed
suggests that the thermally unstable myrosinase enzyme had been already
inactivated, presumably during processing in the preparation of the broccoli
powder (310, 316). The product would therefore rely on the human microbiota for
the thioglucosidase activity required to hydrolyse the glucoraphanin. It is known
that gut microbiota-dependent generation of sulforaphane from glucoraphanin is
quite variable between individuals and is relatively low, certainly much less efficient
than generation of sulforaphane through the action of endogenous broccoli
myrosinase (100, 317). However, the consequence is a product that is high in
SMCSO but low in sulforaphane, which is ideal. The other advantages of a dried
soup as a potential food product for use in a long-term dietary intervention in
humans is its relatively long shelf-life. Use of fresh products such as wet broccoli
soups brings additional requirements in terms of storage space, and appropriate
storage temperature. If fresh broccoli soups were to be used, this would be even
more demanding in terms of maintaining a constant supply of fresh broccoli and
storing it but would also introduce a significant level of variation in the food product
that would be difficult to control. For example, fresh broccoli is sourced from
different geographical locations across the world during different seasons of the
year (318).
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Selecting an appropriate control containing no sulfur metabolites for comparison to
the functional treatment product containing high-SMCSO, the macronutrients,
colour, taste and texture should be matched to ensure that the response seen is
most likely due to the bioactive of interest and to successfully blind individuals
between the interventions if a cross-over design is employed (292, 319). One
human intervention study (the ESCAPE study) investigated the influence of once-
a-week consumption of broccoli soup in a prostate cancer cohort on active
surveillance. The study investigated the effect of broccoli variants with increasing
glucoraphanin but similar SMCSO content (98), and reported changes in gene
expression and pathways associated with prostate cancer development (24).
However, since there was no comparison group not supplemented with SMCSO,
future human studies with an appropriately selected control product are needed. In
a supplementation study, a control supplement not containing any component
being test, would be comparatively easy to use. With a food product, it is much
harder to develop an appropriate control product that has identical properties to
the treatment product and much more difficult to blind (320). In this case, courgette
powder would be an appropriate control as it contained no sulfur metabolites and
had a similar macronutrient content (starch and fibre) to broccoli. However, there
were significant differences in greenness (a*) and yellowness (b*) between the
broccoli and courgette supplemented dried and fresh soups, suggesting that if
used in a human intervention, some colour modifications such as adding a food

dye would be required to appropriately blind the soups.

A 12-step straightforward protocol for developing novel functional products was
recently reported (297). The protocol led to the design of a new functional snack
with the selected properties and high nutritional value that remains stable when
stored at room temperature, had good sensory qualities and was amenable to
large-scale production. The protocol initially identifies target consumer group(s),
evaluates the problem, how this is caused and whether a food product would solve
the issue. If the problem can be somewhat resolved with the design of a novel
product, the food product concept is assessed and proposed. If the food product
meets the requirements and contains the selected properties, such as high in a
particular bioactive, preliminary products are prepared, produced and tested for
functional properties, quality, consumer palatability and feasibility. If modifications
are needed such as making the product less salty, these can be made at this stage.
Once the product is decided, key testing on nutritional value, microbiological

assessment, shelf-life and storage conditions are required to determine the final
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attributes of the product (297). This protocol can be employed by researchers who

are inexperienced in designing a functional product for a clinical trial.

There are key phases in developing and managing a dietary human intervention
trial with the vegetable soups developed in this Chapter. These include the design
phase, followed by the conduct phase and final the analysis and interpretation
phase (320-322). It is key to explicitly describe each phase to ensure consistency

throughout the human study, especially if it is conducted at multiple study sites.

The design phase considers the hypothesis and outcomes of the study, the study
intervention and duration, eligibility of the participants, randomisation, blinding and
study size. Careful consideration is needed to ensure a clear hypothesis is
proposed along with an appropriate study design, such as selecting parallel or
crossover, with clear primary and secondary outcome measures and suitably
matched treatment and control products (323), such as the vegetable soups
developed in this Chapter. The consumption of these products throughout the
study period should be determined based on study outcome. For example, a
minimum of 3 soups a week over an extended period of time should be considered
in this case to gain long intermittent exposure to SMCSO. Clear description of
randomisation and concealment is needed for effective blinding, and how the study
size was determined through the power calculation should be clearly reported in
the study protocol so that the study team can refer to ensure standardisation
throughout the intervention. The roles and responsibilities of the study team should
also be clearly described in the study protocol to confirm they are competent to
conduct the human study and to declare any potential conflicts of interests,
especially if the funding for the study is provided by a company they are employed
by, that could lead to scientific bias (320).

With the conduct phase, the study protocol alongside appropriately selected
appendices such as relevant questionnaires included in the study such as weekly
consumption of cruciferous and alliaceous vegetables. These will be submitted for
ethical approval to the national research ethics committee and registered on the
appropriate websites including clinicaltrials.gov (324). After a favourable opinion is
given and full ethical approval is obtained, recruitment can begin with an
appropriate strategy to recruit the study size required. Once a patrticipant is
recruited and informed consent is gained, study packs including the food product
can be given followed by sample collection according with the study protocol.

Depending on the consent given, this could be biological samples such as biopsies,
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urine, blood and faecal (325) Appropriate human sample management should be
employed if biological samples are taken including correct storage and disposal
(326). Questionnaires could also be given postal or electronically including food
frequency questionnaires that assess habitual diet, and sensory questionnaires
that assess factors such as taste and texture of the food product for palatability
and satiety (327). Record sheets on when the food product was consumed,
alongside any food products, could also be given. This will evaluate cause and
effect from consumption of the food product and any other products that might
influence the data. For example, if the participants consumed a high abundance of
cruciferous and alliaceous vegetables whilst on the study with a high-SMCSO soup

this could skew and affect the data.

The conduct phase is followed by the analysis and interpretation phase that uses
the data collected and statistical analysis to determine whether the outcomes of
the study were achieved, and a clear appropriate conclusion of the study is given.
The hypothesis are evaluated, and clear distinctions are made between the
primary and secondary outcomes proposed in the study protocol (320). For
example, in a study assessing the effect of the high-SMCSO product developed in
this Chapter on prostate cancer progression in individuals on active surveillance,
a primary outcome could be to assess the effect of high-SMCSO product on gene
expression profile from prostatic tissue, while a secondary outcome could be to
assess PSA levels from blood samples. At this stage, the data is distributed
appropriately to the study participants and through peer-reviewed publications to
give a clear comparison between the intervention groups. Limitations and
generalisability of the findings should also be discussed. Limitations may include if
there was insufficient recruitment for an effectively powered intervention or missing
data points due to participant dropout. Collectively, sensible consideration of
human study design coupled with appropriate functional food products such as that
developed in this Chapter are required to ensure reliability and validity of the data

collected and disseminated.
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5.6 Conclusion

This Chapter evaluated various approaches to design a product that was rich in
SMCSO for use in future cancer human trials, it was demonstrated that
commercially available broccoli powders contain high levels of SMCSO but low
levels of glucoraphanin and sulforaphane and are therefore suitable for use as an
SMCSO-rich treatment. It was also shown that the broccoli powder was suitably
masked by adding it to a base vegetable soup, and that a courgette powder was
suitable for use in the placebo control. These products could be used in future

human studies to test the causal effects of high-SMCSO on cancer progression.
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Chapter Six: General Discussion
6.1 General summary and main findings of this thesis

Of all the cancer cases diagnosed, between 30-50 % are preventable through
lifestyle changes including increased exercise, not smoking and a balanced diet
high in fruit and vegetables (328, 329). Prostate cancer is a global burden (330). It
is the most common malignancy in men and ranked fifth worldwide and second in
the UK for most common cause of death related to cancer in men (9, 19). Prostate
cancers that are localised to the prostate, that are low-risk and have a tendency to
grow slowly are manageable through active surveillance (331). Although if the
cancer metastasises, other therapies including chemotherapy and radiation can be
used with survival rate dependent on extent of the cancer spread (332). Thus, there
is a growing need for targeted therapies alongside dietary and lifestyle intervention

for low-risk prostate cancer to reduce the cancer metastasis.

The chemopreventative properties linked to consumption of cruciferous and
alliaceous vegetables are hugely supported by epidemiological studies (7, 24-26,
85, 91). However, many factors remain unknown: whether this beneficial effect is
linked to other secondary sulfur-containing compounds such as S-methyl-L-
cysteine sulfoxide (SMCSO) or S-methyl methanethiosulphonate (MMTSO) as well
as sulforaphane; whether SMCSO and MMTSO are contributing to gene and
metabolite regulation in cancer as seen with sulforaphane, and whether this effect
is linked directly with the sulfur-containing compounds alone or from the whole food
delivery. Investigating these further will deepen our knowledge of the molecular
mechanisms influenced by sulfur-containing compound exposure and give an

insight into how these compounds could be acting in prostate cancer progression.
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The evidence presented in this thesis has made a significant contribution to the
current understanding of the biological activity of sulfur-containing compounds,
SMCSO and MMTSO, on the prostate, and their mechanistic links to prostate

cancer metabolism including:

e MMTSO not SMCSO exposure significantly reduced mitochondrial
metabolism, mitochondrial ATP and glycolytic rate, and increased fatty acid
dependency in DU145 prostate cancer cell line, particularly in the high
glucose environment.

e MMTSO, and to a lesser extent SMCSO, is capable of altering the
transcriptional profile of DU145 prostate cancer cells with MMTSO
exposure gave rise to more differentially expressed genes, particularly in
the high glucose environment.

¢ MMTSO, not SMCSO, exposure to DU145 prostate cancer cells influenced
key immune and regulatory signalling pathways including IL-2-STAT5 and
IL-6-JAK-STATS3, and key antioxidant including NQO1, and apoptotic-
related genes including BAK1.

¢ MMTSO, andto a lesser extent SMCSO, is able to change the metabolomic
profile of DU145 prostate cancer cells, including metabolite changes
relating to the tricarboxylic acid (TCA) cycle and non-essential and
essential amino acids.

¢ SMCSO and MMTSO exposure to DU145 prostate cancer cells influenced
key metabolic pathways in cellular metabolism including fatty acid
metabolism, phenylalanine and tyrosine metabolism, and the mitochondrial

electron transport chain.

This thesis reported the novel findings of the effects of the sulfur-containing
compounds, SMCSO and its metabolite MMTSO, on prostate cancer metabolism,
expression of genes and metabolite profiles involved in energy metabolism and
metabolic pathways which was investigated using cultured DU145 prostate cancer

cells. The results are summarised in Figure 6.1.

This thesis has also reported the development and characterisation of a product
rich in SMCSO and an appropriate SMCSO-free placebo product suitable for use
in future cancer human trials, since there have been no randomised controlled trials
that have specifically investigated the potential effects of SMCSO consumption on
prostate cancer progression. These can be used investigate how SMCSO and/or

MMTSO act in vivo on prostate cancer risk and progression.
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Figure 6.1: Summary of findings of this thesis. The sulfur-containing compounds such as MMTSO

influenced various metabolic pathways within the DU145 prostate cancer cells including increased

apoptosis and immune regulation and decreased mitochondrial metabolism, leading to reduced

prostate cancer progression.
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6.2 Discussion Points

6.2.1 How does the evidence presented in this thesis compare to previously
published literature?

Whilst much of the current reports have focused on the glycaemic reducing effects
of S-methyl cysteine sulfoxide (SMCSO) in diabetic rats, the role of SMCSO and
its metabolite S-methyl methanethiosulphonate (MMTSQO) in prostate cancer

metabolism has been virtually disregarded.

The evidence presented in Chapter 2, 3 and 4 provided evidence that MMTSO,
and to a lesser extent SMCSO, reduced mitochondrial metabolism and modulated
key metabolic pathways including the mitochondrial electron transport chain in
DU145 prostate cancer cells. This evidence is in agreement with the small number
of in vitro and in vivo studies using cell lines including human liver cancer cells
(123) and other human prostate cancer cells (124), animal models including mice
(125) and rats (126). Interestingly, Chapter 3 reported dysregulated key immune
and potential oncogenic pathways in DU145 prostate cancer cells. A few human
studies are in agreement with the evidence including the Norfolk ADaPt study (26)
and ESCAPE study (24) that conducted transcriptomic analysis of prostate tissue
from individuals who consumed a product rich in sulfur-containing compounds and
reported immune response and inflammatory pathways along with cancer-related
pathways were dysregulated. Both Chapter 2 and 4 highlight upregulation and
increased dependency of tricarboxylic acid (TCA) cycle and Chapter 3 highlights
downregulation of key antioxidant genes following MMTSO exposure. This is in
agreement with the evidence from previous human broccoli soup interventions that
have indicated enhanced incorporation of fatty acid f-oxidation through the TCA
cycle and influencing cellular redox capacity and glutathione regulation (24, 256,
257).

The current literature on normal prostate epithelial cell exposure to SMCSO and
MMTSO reported no significant changes to mitochondrial, glycolytic function or
transcriptomic profile (123, 124), suggesting potential cancer specific energy
metabolism changes from the treatment of SMCSO and MMTSO. Interestingly,
thiosulphinates isolated from the garlic chive, including S-methyl
methanethiosulfinate (MMTSI, the precursor compound before disproportionation
to MMTSO), were reported to encourage apoptosis through both caspase-
dependent and caspase independent pathways in human prostate and colon
cancer cell lines (121, 122). The data presented in Chapter 3 supports that MMTSO
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could also promote apoptosis through the upregulation of key apoptotic genes
including BAK1 and FADD. With the evidence presented in this thesis and the
published evidence, it clear that in cancer cells energy metabolism evaluation
alongside omics assessment should be considered more widely to assess target

function in cancer progression and prevention.

6.2.2 How may in vitro studies of SMCSO and MMTSO translate in vivo?

Much of the anti-carcinogenic activity of cruciferous vegetable consumption has
concerned the glucosinolates and sulforaphane, with limited evidence relating to
SMCSO effect. From the discovery of SMCSO and its breakdown product MMTSO,
there has been a rapid increase in publications, summarised in Figure 6.2.
Although, much of this has focused on the beneficial effects of SMCSO and its
breakdown products on glucose metabolism through administration to diabetic rats
(129-131, 141), with a very few cell-based studies showing promise in inhibiting
proliferation of human prostate and colon cancer cell lines (121, 122, 333).

Only a few human studies that have reported accumulation and excretion of
SMCSO, there has been no human intervention has explored the role of SMCSO
specifically on prostate cancer metabolism or progression. The ESCAPE not only
provided evidence that sulfur-containing compounds consumption led to
suppression of potential oncogenic related pathways in prostate cancer
progression but also provided evidence that consumption of the cruciferous
vegetables is inversely correlated with WHO prostate cancer grade with the most
substantial correlation related with consumption of SMCSO (24). Although this
finding was not-significant, as not effectively powered to assess this outcome, this
finding indicates that SMCSO may be able to elicit an impact in vivo. However, up
until this point it was uncertain as to whether the effect was due to indirect or direct
exposure to the metabolites to the prostate tissue, as no study had reported the
accumulation of sulfur-containing compounds within the prostatic tissue. It wasn’t
until the SAP study was conducted that demonstrated that SMCSO accumulated
within the prostate tissue of individuals on active surveillance (25) and more
recently the Norfolk ADaPt study that provided evidence that other sulfur-
containing compounds including sulforaphane also accumulated within the
prostate tissue (26). These studies provide evidence that the biological effects of
sulfur-containing compounds are likely due to the direct accumulation within the

prostate tissue.
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The next rational step to develop our understanding of the impact of SMCSO and
its breakdown products on the development of prostate cancer, was to conduct
cell-based analysis asses the direct exposure of the compounds to prostate cancer
cells. In this thesis, the cell-based evidence presented in Chapter 2, 3 and 4
provided an insight into the mitochondrial, transcriptomic and metabolomic
modulation of SMCSO and MMTSO exposure to DU145 prostate cancer cells. This
deepens our mechanistic understanding of the biological effect of these
compounds on prostate cancer progression. Although it is worth noting that these
analysis were conducted in vitro and so may not translate directly to humans in
vivo. Further dietary human studies are warranted to test this further with a product
rich or pure in SMCSO to directly test the effect in vivo on prostate cancer
progression.
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6.2.3 How the current models could be used to evaluate SMCSO and MMTSO
on prostate cancer metabolism?

The cellular progression of prostate cancer is complex and not completely defined.
The use of in vitro and in vivo models of prostate cancer have reported evidence
that dietary compounds could have chemopreventive properties through
modulation on multiple signalling and metabolic properties (334, 335). Research
relies strongly on in vitro and in vivo models to examine functional analysis at a
molecular level deepening understanding of gene and pathway regulation in a
preclinical environment. Several useful model systems have been developed that
can be easily used under controlled experimental environment and help towards
our understanding of prostate cancer. These include numerous prostate cell lines,

several animal models, and more recently xenograft and 3D culture models (336).

Prostate cell line models both non-cancerous and cancerous have been
established from patients from various zones of the prostate or from metastatic
forms. They are vital research models for functional, molecular and mechanistic
understanding. Non-cancerous prostate epithelial cells lines include PNT1A (337)
and RWPE-1 (338), and represent normal prostate cells that can be used to
understand the normal prostate metabolism and could be used to compare to the
cancerous cell lines. Prostate cancer cell lines can be divided into two groups:
hormone sensitive including LNCaP (339) and VCaP (340), and castration
resistant including DU145 (340) and PC3 (341). Depending on the outcome of the
study with dependent on which cell line is investigated. Each cell line has different
doubling time, different phenotypes of prostate cancer such as androgen-
dependent or androgen-independent and may have mutations such as PTEN or
p53 loss (336). The work presented in this thesis (Chapter 2, 3 and 4) utilised cell
lines to deepen our understanding of the mechanistic consequences of SMCSO
and MMTSO exposure before further analysis could be conducted in animal and

organoid models, and future human intervention trials.

A few animal models have been established that develop on cell-based studies
and provide direct in vivo evidence for oncogenic function and regulation. The
transgenic adenocarcinoma of the mouse prostate (TRAMP) mouse model,
developed in 1996, is an extremely useful model for studying the pathology and
evolution of prostate cancer (342). The LADY prostate cancer mouse model,
developed in 1998, is similar to the TRAMP model and allows for evaluation of

metastases to other organs such as the liver, lymph nodes and bone (343).
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More recently, xenografts and 3D culture models have been developed to mimic
human tumours to support preclinical research. Patient- derived xenografts include
the androgen-dependent prostate cancer xenograft model developed in 1977
(344); the 3D culture models include the 3D organoid culture model from patient
derived tumour developed in 2014 (345). These model mirror the tumour
microenvironment, and carry intrinsic and growth factors involved in prostate
cancer progression whilst ensuring heterogeneity and genetic profile of the tumour
(336). However, these models are time-consuming, expensive, and have shown
success in only aggressive prostate cancer specimens (346, 347).

Selecting the appropriate models for the research with bioactive compounds such
as SMCSO and MMTSO needs careful concern of outcomes and hypothesis being
tested. For example, to test cell viability of exposure to a bioactive compound, a
cell line should initially be selected to highlight any cytotoxic effects of high
concentrations of the compound, as shown in Chapter 2 with MMTSO. These high

concentrations would then not be used in future animal and human based studies.

6.2.4 How can multi-omics analysis to assess SMCSO and MMTSO on
prostate cancer metabolism?

The application of next generation sequencing technologies such as RNA-
sequencing and metabolomic profiling analysis is hugely shifting our understanding
of the mechanistic links with prostate cancer metabolism and diet (245, 246, 348-
350). This application allows in-depth gene and metabolic analysis of any cell,
tissue or body fluid collected. Whilst they have become a useful tool of exploring
the gene and metabolite profiles under different treatment environments, it can be
costly, time-consuming and limited by the databases and tools available (237).
Thus, careful consideration is needed when selecting the most appropriate omics

analysis within the research.

The ESCAPE study utilised RNA-sequencing technology of prostate tissue, and
demonstrated that sulfur-containing compounds within the broccoli soups were
able to in a dose-dependent manner suppress immune genes and potentially
oncogenic pathways related to prostate cancer development including apoptosis
and inflammatory response (24). The data demonstrated in Chapter 3 and 4 could
provide evidence that the transcriptomic results seen in the ESCAPE study may
also be due to the presence of SMCSO and/or MMTSO within the broccoli soups
given. The SAP study utilised global metabolomic profiling of prostate tissue and

demonstrated key metabolic pathways including caffeine metabolism and steroid
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hormone biosynthesis was significantly different between the study arms,
potentially due to the participants’ habitual diet (124). Further metabolomic profiling
of other human samples from the SAP study, indicated differences in the dietary
coffee metabolites trigonelline, quinate and tryptophan betaine between study
arms with higher abundance in the prostate (124), suggesting a role of systemic
and potentially urinary reflux in exposure of these compounds to the prostate

tissue.

6.2.5 How could the development of functional products for use in human
cancer trials be useful?

Dietary interventions are becoming an attractive approach for cancer mitigation
(351), however the development of a functional product for delivery of bioactive
compounds for use in human trials can be challenging. It requires careful
consideration of the delivery, absorption and matrix of the product for the highest
concentration of the compounds. This could be through whole food product such
as a soup or supplementation such as a capsule. Previous human intervention
studies investigating the role of sulfur-containing compounds on human health and
disease have used both whole food products in the broccoli soups (24, 25, 99, 256,
257), whilst others have used supplement delivery (26). Most of the studies that
used whole food products in the form of a soup for the delivery of the sulfur-
containing compounds, lacked a suitable control product without sulfur-containing
compounds for comparison. This was explored in Chapter 5 through the
development of a whole functional food product rich in SMCSO to be used in future

human studies matched with an appropriate control product.

The delivery would depend on with bioactive compound was being explored. The
BOBS pharmacokinetic study demonstrated in plasma samples the levels of
sulforaphane peaked from 6 to 8 hours compared to the levels of SMCSO that
peaked from 1.5 to 2 hours (99). Sulforaphane itself is unstable so the delivery of
glucoraphanin would be more appropriate; whereas SMCSO is stable, but the
breakdown products MMTSI and MMTSO are less stable so delivery of SMCSO
would be most suitable. To add, the Norfolk ADaPt study that used supplements
(Broccomax) reported much higher concentrations of sulforaphane in the prostate
tissue compared to those on the SAP study that used whole food broccoli soup.
The Broccomax supplements contained a much higher dosage, suggesting that
higher dosage leads to more accumulation in the prostate tissue. Although it still

remains uncertain to whether the compounds are localised to the primary tissue,

182



Chapter Six

systemic exposure to the metabolites or if there is microbial influence or a mixture
of all three processes in the delivery of the compounds to specific tissues such as
the prostate (352). Thus, regard to the delivery method is required when

developing a functional product.

Very few dietary interventions have scientifically proven to alleviate cancer
progression, however there is promising evidence that dietary intervention
modulate potential oncogenic pathways (24), and more recently when combined
with targeted cancer therapies increase therapeutic effectiveness. This has been
highlighted with the sulfur-containing compound, sulforaphane, in enhancing the
effects of several chemotherapy drugs including doxorubicin and cisplatin and
reducing toxic side effects (353, 354). Given this evidence, it could be plausible
that the sulfur-containing compound, SMCSO, could also give similar outcomes.
Thus, given the evidence discussed in this thesis of SMCSO and MMTSO
exposure in DU145 prostate cancer cells, it is essential to design, administer and
investigate a novel SMCSO-rich product to be used in future cancer human
interventions to test if there is a casual effect of high-SMCSO consumption and
cancer progression. This work may give evidence that the beneficial effects of a
cruciferous and alliaceous-rich diet could also be due the SMCSO and MMTSO

present within the vegetables.
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6.3 Strengths and Limitations of the Research

The work presented in this thesis provided several new insights into the role of
sulfur-containing compounds in prostate cancer metabolism and progression, with
a number of strengths in the way the research was conducted. One strength was
as there is very limited in vitro studies on the biological effects of SMCSO and
MMTSO on prostate cancer progression, the use of prostate cancer cell lines gives
the ability to explore the mechanistic effects of the compounds under controlled
and known concentrations and treatment times. Another strength of the research
was high concentrations of SMCSO and MMTSO could be administered in vitro to
the prostate cancer cells and this indicated high concentrations of MMTSO
reduced cell viability; if this concentration was administered in vivo in the form of a
supplement this could have serious toxic side effects, thus in vitro viability assays
would need to be conducted before in vivo analysis was performed. A further
strength was that highly purified SMCSO and MMTSO were used, which provides
strong evidence that the effects observed are due to these compounds and not the
other components such as dietary fibre, or other sulfur-containing compounds such

as sulforaphane commonly found in cruciferous and alliaceous vegetables.

There are several limitations in the way this research was conducted. One
limitation was all the work conducted was undertaken using in vitro cell lines.
Although cell based studies are easy to setup, much cheap that animal models and
give molecular and mechanistic understanding of how the bioactive compound
influences cellular processes and pathways, the evidence from in vitro studies are
somewhat difficult to translate to in vivo situations. This is due to the fact that the
cells are isolated and grown as a monolayer in culture medium and the in vitro cells
would not be exposed to certain growth factors and cell-to-cell interactions

especially with considering the tumour microenvironment.

Another limitation of this research regarding the use of in vitro cell lines is passage
number; each time the cells are passaged, it could act slightly differently from
previous, thus it is recommended when using cell lines that narrow passage
numbers are used. The DU145 prostate cancer cells were used from passage 10

to passage 20 and passaged twice a week to avoid creating anomalies in the data.

A further limitation of the work carried out in this thesis was the constant
intermediate or high glucose concentration for the whole treatment time. In vivo an

individual would experience peaks and troughs in blood glucose concentration, and
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although they may be exposed to high blood glucose on a regular basis such as
pre-diabetes or diabetes level, they would not constantly be exposed to an
intermediate or high glucose environment (355). It is worth noting that the
consistency of the cell-based observations in this thesis and those from previous
animal studies suggest that in vitro cell analysis is an excellent initial model for
studying the biological effects of sulfur-containing compounds on prostate cancer

metabolism.

The significant limitations of using transcriptomics and metabolomics technologies
are they are time-consuming for extraction, running and data analysis, can be
costly, and limited to the databases and tools available (237, 284). This being said
transcriptomics and metabolomics allow the study of gene expression and
metabolite regulation to give a snapshot of the metabolic rewiring under different

treatment environments.
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6.4 Recommendations for Future Work

The work presented in this thesis has provided new insights into the role of SMCSO
and MMTSO on prostate cancer metabolism and has made new observations of
the transcriptomic and metabolomic consequences of exposure to these
compounds. These findings have generated new objectives to be investigated in

future experiments and work.

e From the evidence presented in this thesis, it is clear that MMTSO s
capable of modulating energy metabolism and key metabolic pathways.
With the evidence from a previous study that reported modified MMTSO
bound to STAT3 transcription factor (175), identification of new biomarkers
would put context to the evidence in this thesis and provide evidence of
specific targets involved in energy regulation of prostate cancer cells.

e Presented in chapter 3, the transcriptomic analysis demonstrated that
SMCSO and MMTSO exposure influenced expression at a gene level in
several pathways, however whether this influence is translated at a protein
level was not explored. Thus, it would be vital to conduct assessment at a
protein level to delineate functional downstream consequences of these
gene expression changes.

e The evidence presented in Chapter gave a single snapshot of the metabolic
consequences of SMCSO and MMTSO in DU145 prostate cancer cells,
however the production and consumption rates of specific metabolites over
different time-points was not investigated. Hence, it would be crucial to
explore this further using metabolic flux experiments and *C-labelled
glucose tracers to give an insight into the metabolic modifications in the
prostate cancer cells.

e The evidence presented in this thesis was only investigated in one prostate
cancer cell line (DU145) which are brain metastatic, castration resistant and
androgen-independent (336). It would be beneficial to explore if the same
effect is observed in other prostate cancer cell lines that are hormone
sensitive such as LNCaP that are lymph node metastatic and androgen-
responsive (336).

e The design and development of a functional food product rich in SMCSO
with appropriate control product, presented in Chapter 5, could be used in
a future human dietary intervention study with prostate cancer patients.

Careful consideration on the study design would be needed although a 12-
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week two-arm crossover intervention with a washout period could be
suitable to assess the impact of dietary intake of SMCSO on prostate
cancer metabolism. Longer studies such as 1 to 2 years would be needed
to evaluate the effect of SMCSO on prostate cancer progression. The
evidence from the human study would give a better insight into the
metabolic regulation in vivo.

SMCSO administered to diabetic rats was reported to reduce glycemia and
lipids, advocate immunomodulation and mitigate oxidative stress in
numerous animal studies (129-131, 141), however, this effect has not been
explored in humans. Using the dietary product developed in Chapter 5, a
human intervention could be conducted initially with individuals that have
hyperglycaemia and/or diabetes, before a further study recruiting with
prostate cancer patients with hyperglycaemia and/or diabetes. For both, an
8 to 12-week two-arm crossover intervention with a 12-week washout to
minimise the presence of a carry-over effect, would be sufficient to evaluate
the effect of SMCSO on blood glucose markers including glycated
haemoglobin (HbAlc). HbAlc is typically measured over a period of 8 to
12 weeks and is diagnosed through measuring fasting plasma glucose
and/or HbAlc through a fasting blood test and/or oral glucose tolerance
test (356).

The breakdown of SMCSO to MMTSO is facilitated by cysteine conjugate
B lyases. A previous human study reported that the gut microbiota,
particularly E. coli, could play a role in the conversion of SMCSO to the
reduced analogue, S-methyl cysteine (119). It would be beneficial isolate
candidate genes for the specific cysteine conjugate B lyase to generate a
knock-out strain of E. coli. This knock-out strain of E. coli could be cultured
with SMCSO and if it is no longer metabolised, will give an insight into the
specific lyases in SMCSO metabolism.
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6.5 Conclusion

The evidence in this thesis reported the unique mitochondrial, transcriptomic and
metabolomic profiles of DU145 prostate cancer cells, and demonstrated that
SMCSO and MMTSO are capable of modulating these signatures. Future research
should consider the effect of these sulfur-containing compounds on individuals with
prostate cancer with and without hyperglycaemia and/or diabetes to give an insight
into how these compounds could mitigate prostate cancer progression in vivo. The
work presented in this thesis has made a significant contribution to the current
knowledge of the biological activity of SMCSO and MMTSO on prostate
metabolism, and their metabolic and mechanistic links to prostate cancer

prevention adding to the field of cancer and nutrition.
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